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ABSTRACT
CONTROLS ON CH4  EMISSIONS FROM 
BOREAL AND ARCTIC WETLANDS
by
Sadredin C. Moosavi 
University of New Hampshire, May, 1998
This thesis examines the environmental controls on the biogeochemical cycling of the 
radiatively active trace gas CH4 within boreal and arctic wetlands. Net CH4  flux along 
peatland hydrologic gradients were examined to determine the effects of temperature and 
water table on CH4  emissions. The level of the water table acts as a switch between CH4 
production and oxidation with small water level changes producing large changes in flux 
balance. Soil temperature determined whether CH4  production potential was realized 
within sufficiently moist environments. A selective inhibitor technique was developed for 
directly measuring CH4 oxidation in wetland soils. CH4  oxidation was found to occur in 
all environments regardless of soil moisture. Wet sites were found to have the greatest 
CH4  oxidation rates, with 20-70% of gross CH4  production being consumed prior to 
emission. Oxidation within specific sites was found to consume a relatively constant 
fraction of CH4  despite emissions varying over 3 orders of magnitude, suggesting that 
methanotrophic activity is dependent upon CH4  source strength. Field and core studies 
within drier sites suggest a similar pattern, with the dominance of oxidation within dry sites 
arising from the lack of a significant CH4 source. Conversion of a relatively dry site 
dominated by CH4  oxidation to a moderate CH4  source at the time of a rising water table 
agrees well with the stimulation of CH4  production and oxidation observed within a dry 
bog site following a rain event Both suggest that dry CH4  sink environments can be 
converted to CH4  sources with a sufficient increase in soil moisture. Changes in nutrient 
status have only indirect effects on CH4 oxidation via changes in overall CH4  supply. 
Significant feedbacks of CH4 emissions to changes in environmental moisture should be 
expected, with effects of temperature moderating the magnitude of these changes.
xiv
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CHAPTER I
CH4 Global Biogeochemical Cycling
Why CH,?
The radiative balance of the earth’s atmosphere is controlled by the partial pressures o f  
trace gases; specifically water vapor (HjO), carbon dioxide (C 02), methane (CHJ, nitrous 
oxide (N2 O), ozone ( 0 3) and the various chlorofluorocarbons. The cycling of these gases, 
both natural and anthropogenic, is a cause of great concern as changes therein can have 
drastic effects on the climate experienced at the earth’s surface.
I have chosen to examine the biogeochemical cycling of CH4 . The high effectiveness o f  
CH4  infrared absorption, twenty times as effective per molecule as CO2  [Lacis, et aL 
1981], makes CH4  the third most important greenhouse gas. Rodhe [1990] estimates that 
CH4  accounts for 15% of the total forcing effect on global temperature.
CH4  is present in the atmosphere at concentrations greater than 1700 ppbv [Fung et aL
1991] and has been increasing at an average rate of 16.6 ±  0.4 ppbv/yr or about 1% per 
year [Khalil and Rasmussen, 1990] for the past two decades though a brief decline in the 
rate of increase was observed in the early 1990’s [Dlugokencky et aL, 1994; Khalil et aL, 
1993]. Comparisons with ice core data show current concentrations are more than twice 
preindustrial concentrations [Mitchell et aL, 1990]. The ten year residence time of CHLj. 
[Prinn et aL 1987] is short relative to other greenhouse gases, making it possible to observe 
changes in source/sink relationships over relatively short time periods.
1
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The total source of CH4  to the atmosphere is believed to lie in the range of 400-600 
Tg/yr with a values o f540 Tg/yr favored by Cicerone and Oremland [1988] and 500 Tg/yr 
favored by Fung et aL, [1991]. This contrasts with an estimated global sink o f460-500 
Tg/yr. Natural sources of CH4  include wetlands, termites, CH4  hydrate decomposition,
and oceans and lakes. CH4  sources largely anthropogenic in nature include enteric
fermentation in animals, rice agriculture, landfills, leakage and venting from natural gas 
processing and distribution systems, coal mining and biomass burning. The relative 
proportions of these sources for the budgets of Cicerone and Oremland [1988] and Fung, 
et al. [1991] appear in Figure 1.1 and Table 1.1.
The principal sinks (Figure 1.2, Table 1.1) for atmospheric CH4  are oxidation by the 
hydroxyl radical (OH) in the troposphere (85%) [Dlugokencky et al., 1994] and destruction 
by OH, atomic chlorine (Cl) and odd oxygen atoms, O('D) in the stratosphere. These
processes combined consume between 450 and 500 Tg/yr o f  CH4, ultimately yielding CO2
and H2 O [Cicerone and Oremland, 1988; Fung e ta l, 1991]. The concentration of 
atmospheric CH4  affects the oxidizing capacity of the atmosphere and has effects on the 
chemistry of stratospheric ozone (O3 ). More recently forest soils have been identified as 
significant areas of net CH4  oxidation [Dorr and Miinnich, 1990; Yavitt et al., 1990;
Whalen et al., 1991; Whalen and Reeburgh, 1992] consuming 10 Tg/yr in the estimate of 
Fung et al. [1991]. CH4  oxidation has been also been observed to significantly attenuate 
CH4  emissions from some wetlands [Harriss et al., 1982; King et al., 1989; Whalen and 
Reeburgh, 1990a,b; Moore and Knowles, 1990; Roulet et al., 1992a Yavitt etal., 1990; 
Bartlett et al., 1992; Moosavi et al., 1996].
The fraction of CH4  emitted from northern (bogs/tundra) versus tropical (swamps) 
wetlands differs greatly between the budgets, reflecting information collected from large 
regional CH4 flux studies (NOWES, ABLE 3A,B) conducted in the early 1990’s. Both
2
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Table 1.1 Global Sources and Sinks of Atmospheric CH4.






Termites 40 2 0
Ocean/Lakes 15 1 0
Subtotal 175 150
Anthropogenic
Rice 1 1 0 1 0 0
Animals 80 80
Natural Gas 45 40
Coal Mining 35 35
Biomass Burning 55 55
Landfills 40 40
Subtotal 365 350
Total Sources 540 500
Sinks
Tropospheric OH 425 391
Stratosphere 75 59
Forest Soils 0 1 0
Total Sinks 500 460
Accumulation 40 40
Notes: CH4  Fluxes in Tg/yr.
Accumulation refers to atmospheric accumulation of CH4, i.e. ~ 1%/yr. 
Sources: Oremland and Culbertson [1988] and Fung et al. [1991].
budgets agree, however in attributing approximately 2/3 of all CH4  emissions to sources 
dominated by anthropogenic influences. The dominance of CH4  sources by anthropogenic
activity is of special interest as it represents an opportunity to reduce the emission of an 
important greenhouse gas by modifying human behavior. When combined with the short
atmospheric residence time for CH4, the effect of CH4  emission mitigation strategies could
be seen on the decadal time scale of government policies as compared to the century scale
response to changes in emissions of atmospheric C 02. In order to implement effective
policy, however, it is necessary to have a thorough understanding of not only the size and
distribution of CH4  sources and sinks, but also of the environmental controls on the
3
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Total: 540 Tg/yr Sources




■  Oceans/Lakes 
E3 Animals
0  Natural Gas 
0  Coal Mining
□  Landfills
Qi Biomass Burning 
[D Rice
Total: 500 Tg/yr
Oremland&Culbertson Fung, et al.
Figure 1.1. Atmospheric CH4  source budgets. Source: Oremland and Culbertson 
[1988] and Fung et al. [1991].
Total Sinks: 460 Tg/yr
Accumulation: 40 Tg/yr
Sinks
82 Tropospheric OH 
H  Stratosphere 
■  Forest Soils 
S3 Accumulation
Fung et al.
Figure 1.2. Atmospheric CH4  sinks. Source: Fung et al. [1991].
balance between sources and sinks. This thesis examines some the controls on CH4 
production and oxidation in arctic and boreal wetlands.
4
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Whv Northern Wetlands?
The northern boreal zone contains the largest area o f wetlands (1.495 X 1012 m2) outside 
the tropics and contributes roughly 17% (19.5 Tg/yr) o f the total flux of CH4 from natural 
wetlands to the atmosphere [Bartlett and Harriss, 1993]. In addition, arctic wet and moist 
tundra cover an estimated area of 1.9 X 1012 m2  and contain 43 Pg of carbon stored in soil 
organic matter (2% of the global supply of soil carbon) [Shaver et al., 1992]. Average CH4 
emissions from arctic wetlands of 96 mg CH4/m2/d contribute 14.1 Tg/yr, 13% of the 109 
Tg/yr total from natural wetlands [Fung e ta l, 1991; Bartlett and Harriss, 1993]. An 
additional 7 mg CH4/m2/d from dry and moist arctic soils yields and additional 4 Tg/yr 
[Bartlett and Harriss, 1993].
The large mass of carbon stored in northern peatlands [Gorham, 1991; Oechel and 
Billings, 1992] is evidence that boreal and arctic vegetation and soils have historically been 
a large net sink for atmospheric C 02. Peatland carbon accumulates due to slow rates of 
decomposition in cold, saturated soils. Recent studies suggest that the temperate and boreal 
zone may currently serve as a net carbon sink of 3.5 Pg per year [Ciais et a l, 1995]. This 
sequestration of carbon has been partially offset by efflux of CH4 from the degradation of 
organic matter within wedands. While the boreal zone and arctic currently account for only 
7.4% of the global CH4 source o f 500-540 Tg/yr [Cicerone and Oremland, 1988; Fung et 
a l, 1991], their large areal extent, relatively high average flux despite a short growing 
season and huge carbon reserves provide the potential for increased emissions in the future. 
Combined with the large changes in climate predicted for high latitudes by global climate 
models [e.g. Mitchell et a l, 1990], boreal and arctic organic soils have the potential to 
greatly alter global carbon budgets. This possibility is enhanced by the results of global 
climate models which suggest that the arctic will experience a 3-6°C rise in temperature 
during the next century [Mitchell et a l, 1990]. Whether increased CH4 emissions are
5
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realized, however, depends upon the interaction of numerous possible feedbacks, not the 
least of which is CH4  oxidation.
Controls on CH1 and CO, Emissions
Dark C 0 2  emissions are the result of microbial and root respiration in the soil. Studies 
from arctic and boreal soils have shown C 0 2  fluxes to be strongly dependent upon water 
table and temperature. Lowered water tables have been correlated with increases in the rate 
of C02  evolution by increasing the rate of decomposition in peatlands [Hutchinson, 1980; 
Billings et al., 1982; Peterson et al., 1984; Armentano and Menges, 1986; Laine et al.,
1992]. Soil temperature increases have been observed to increase C 0 2  fluxes [e.g. Billings 
et al., 1984; Crill, 1991; Oberbauer et al., 1991; Oechel et a l, 1993]. In regions of 
permafrost subject to melting, C 0 2  emissions have the potential to change significantly due 
to both of these relationships.
CH4  emissions represent the difference between CH4  production by anaerobic bacterial 
activity and oxidation by aerobic microbes in the surrounding soil [Harriss and Frolking, 
1991] as illustrated in Figure 1.3. The balance between these processes is determined by 
soil temperature, depth of the aerobic zone in the soil as determined by site hydrology, time 
and duration of ice cover, growing season length, availability o f nutrients for 
methanogenesis, the residence time of soil air, and the population sizes of methanogens and 
methanotrophs. Crill et al. [1988], Morrissey and Livingston [1992] and Moosavi et al. 
[1996] found a positive correlation between soil temperature and CH4 flux. The presence 
of ice cover and growing season length, factors that affect annual CH4 emissions, are also 
dependent primarily upon temperature.
CH4  oxidation has been observed in drier tundra soils with flux rates ranging from -0.2  
to -6.21 mg CH4/m2/d [King et al., 1989; Whalen and Reeburgh, 1990a,b; Bartlett et al., 
1992; Moosavi et al., 1996]. These low flux rates are similar to those measured in wetland
6
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Measured (Net) Flux = Gross Production - Oxidation 
Net Flux = 1 + 2  + 3 - 5  
.Gross Production = 1 + 2 + 3 + 4 
Total Oxidation = 4 + 5
Flux Chamber










Figure 1.3. A generalized schematic of CH4  cycling and the balance between production 
by methanogens and consumption (oxidation) by methanotrophs at the plot level.
Individual fluxes: Diffusive CH4  flux (1). Advective CH4 flux (2). CH4 flux emitted 
through vegetative transport (not subject to oxidation) (3). Fraction of diffusive and 
advective flux lost in the aerobic zone to CH4 oxidation (4). Atmospheric CH4 lost to 
oxidation in the aerobic zone (5). C0 2 generated by CH4 oxidation (“4+5”).
and upland soils in boreal and temperate environments [Harriss et al., 1982; Steudler et al., 
1989; Moore and Knowles, 1990; Yavitt et al., 1990; Crill, 1991; King andAdamsen, 
1992; Roulet et a l, 1992a]. These low flux rates account for the small size (10 Tg/yr) of 
the estimated global soil sink for CH4 [Fung et al., 1991].
7
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CH4 efflux has been determined to be dependent upon temperature [Crill et al., 1988; 
Morrissey and Livingston, 1992; Moosavi et al., 1996] as portrayed in Figure 1.4. For 
CH4 production, the dominant process in most wetland soils, production responds 
exponentially to increases in temperature [Figure 1.5]. Q I0  values ranging from 2.7 to 20.5 
have been observed [Svensson and Rosswall, 1984; Westerman and Ahring, 1987; Crill et 
al., 1988; Sextone and Mains, 1990; King and Adamsen, 1992; Dunfield et al., 1993; 
Adamsen and King, 1993; Moosavi, 1994; Moosavi et al., 1996]. CH4  oxidation has been 
shown to be less sensitive to temperature change with Q 10 values ranging from 1.2 to 2.1 
[Whalen e ta l ,  1990; Crill, 1991; Dunfield et a l, 1993].
Extensive research [Svensson and Rosswall, 1984; Sebacher et a l, 1986; Whalen and 
Reeburgh, 1988, 1990a; Moore et a l, 1990; Morrissey and Livingston, 1992; Dise, 1993; 
Moore and Roulet, 1993; Vourlitis et al., 1994; Bubier et a l, 1995a,b] has shown that 
increased CH4 flux is correlated with the depth of the water table. Bartlett et al. [1992], 
Moore and Knowles [1989] and Moosavi et al., [1996] found that CH4  flux decreased as 
the water table fell within the soil [Figure 1.6]. Incubation experiments performed on peat 
cores by Funk et al. [1994] found that a water table lowered by 20 cm caused CH4  fluxes 
to drop by an order of magnitude. By contrast, CH4 oxidation has generally been found to 
be greatest at an optimal moisture level with oxidation rates being negatively affected by 
soil moisture increases beyond this level [Whalen et al., 1991; Adamsen and King, 1993; 
Koschorreckand Conrad, 1993; Castro e t a l ,  1994; Czepiel e ta l ,  1995]. This suggests 
that changes in water table and soil moisture may determine the balance between CH4 
production and oxidation. Drying of some wetland soils has been shown to cause CH4 
oxidation to exceed production, switching these soils from sources to sinks for atmospheric 
CH4  [Whalen and Reeburgh 1990b; Whalen et a l, 1991; Moosavi et al., 1996].
The switch in the CH4 cycling of a site from dominance by anaerobic production to 
aerobic consumption suggests that the potential for CH4  oxidation may be widespread in 
wetland soils. Few studies have attempted to determine the actual rates of CH4 production
8
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Figure 1.4. Exponential relationship of CH4 emissions fo soil temperature observed in 
an open-low shrub bog (Wet) and floating open graminoid bog (Mat) at Lemeta Bog, 
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Figure 1.5. Exponential response o f CH4  production to increases in temperature from 
Alaskan peat cores [Moosavi, 1994]. Minimum and maximum responses from separate 
cores are contrasted to the average of 4 cores, reflecting the range in Q I 0  values observed.
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Figure 1.6. Exponential decline in CH4 flux associated with a declining water table as 
observed in an open low shrub bog (Wet Site) in Fairbanks, Alaska [Moosavi, 1994].
and oxidation in the field due to the logistical difficulties presented by measurement of 
oxidation. Reeburgh et a l  [1993] estimate that oxidation consumes 30% of total CH4 
production in arctic wetlands. The possibility of high rates of CH4  oxidation in sites where 
production exceeds consumption is of great interest, given that oxidation at such sites has 
been largely unrecognized, potentially masking an important internal cycle of carbon in 
arctic soils. Potential changes in arctic CH4 emissions arising from differential responses 
of CH4 production and oxidation to anticipated climate change represent an important 
consideration in the development of global climate models, particularly as the possibility for 
the development of a CH4 sink of considerable strength from arctic wetlands has not been 
considered.
10
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This Thesis
The experiments described within this thesis build upon my Master’s Thesis work 
conducted within the Lemeta Bog complex in Fairbanks, Alaska [Moosavi, 1994; Moosavi 
et a l, 1996]. In that study I explored the relationships between soil temperature and water
table in determining CH4  flux along moisture gradients from a floating open graminoid bog 
to a treed-low shrub bog. I found that soil moisture acted as the dominant control on CH4
flux, by determining the size and location of anaerobic soil zones necessary for high rates 
of methanogenesis. In sites where moisture was sufficient to allow for methanogensis,
temperature became the dominant determinant of flux. This dual control over CH4  
emissions within wetlands allows microtopographic and local soil and plant environmental 
conditions to greatly influence trace gas feedbacks to changes in climate.
I explored the sensitivity of wetlands to changing environmental conditions further 
during the BOREAS project described in Chapter 2. In that study I analyzed CH4  and C 0 2  
fluxes along moisture gradients spanning the upland/wetland boundaries in a black spruce 
paisa and at a beaver pond surrounded upland forest The strong effect of temperature in 
reducing CH4  emissions within wetlands was observed at the black spruce fen. Sensitivity 
to changes in moisture was reemphasized by the behavior of sites directly adjacent to the 
fluctuating water table on the beaver pond transect. Further, the unique behavior of sites 
located at the land/water interface suggests that such transition zones may be more 
important in the overall structure of biogeochemical cycling of carbon gases than their 
relatively small areal extent would suggest.
Chapter 3 discusses the development of a field technique for the measurement of CH4  
oxidation in wetland soils. I utilize a selective inhibitor of CH4  oxidation, methyl fluoride
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(CH3 F), to make measurements of oxidation in situ. This chapter focuses on the laboratory 
trials and field experiments used to develop and verify the effectiveness of my technique.
Chapter 4 concerns the results o f our experiments on CH4  oxidation conducted in wet 
sedge communities on the Alaskan North Slope. The role of oxidation in determining the 
overall CH4 flux from wetland sites is discussed. Further, insights into the controls on
CH4 oxidation in uplands versus wetlands and the possibility of the development of an
enhanced soil CH4  sink are explored. Chapter 5 provides a brief overview of the results 
and some thoughts on the implications arising from these last six years of research.
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CHAPTER H
Controls on CH4 and C 0 2 emissions along two moisture gradients 
in the Canadian boreal zone: Black spruce paisa & beaver pond
(A modified version of this chapter can be found in the literature under the reference: 
Moosavi S. C.and P. M. Crill, Controls on CH4 and C 0 2  emissions along moisture 
gradients in the Canadian boreal zone, J. o f Geophys. Res., 102(D24), 29,261-29,217, 
1997.)
Abstract
Controls on the emission of CH4 and C 0 2  along moisture gradients in the Northern 
Study Area of the Boreal Ecosystem Atmosphere Study (BOREAS), west of Thompson, 
Manitoba were examined in the summer of 1994. A transect stretching from three forested 
upland sites to an open graminoid fen contained within a black spruce paisa (OBS) was 
compared with a similar transect from upland lichen and Sphagnum moss sites to wetland 
mire and pond sites adjacent to an active beaver pond (BP). Mean seasonal CH4  (dark 
C 0 2) fluxes were -0.51 (7.99), -0.14 (10.3), 0.15 (8 .6 8 ), and 2.83 (8.22) mg/m2/d 
(g/m2/d) from the OBS Feather Moss, Lichen, Sphagnum Moss and Fen sites. Mean 
seasonal CH4 (dark C 0 2) fluxes were -1.58 (9.16), 2.03 (7.62), 1144, and 153 mg/m2/d 
(g/m2/d) from the BP Lichen, Sphagnum Moss, Mire and Pond sites. Rates of CH4 
oxidation typical of uplands were observed at all sites except for the BP Mire and Pond.
13
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CH4 efflux was observed in all sites. Rates varied by four orders of magnitude along the 
transition from the driest uplands to moist uplands to inundated wetlands. A high water 
table appears to be necessary for a strong CH4  source. Low soil temperatures inhibit high 
CH4 flux rates despite inundation. The potential for the conversion of upland sites from net 
sinks to sources of CH4  by minor changes in the water table was observed. Prediction of 
CH4 fluxes by plant community analysis appears to require knowledge of the thermal and 
hydrologic regime of particular sites over the course of the summer period. Dark COz 
fluxes, by contrast, appear more uniform across similar plant community types.
Introduction
One aspect of the Boreal Ecosystem Atmosphere Study (BOREAS) conducted by the 
United States and Canada was to investigate the role of boreal zone ecosystems in the 
global cycling of carbon trace gases. Controls on the emission of CH4  and C 0 2  along 
moisture gradients in the Northern Study Area of BOREAS, west of Thompson, Manitoba 
were examined in the summer of 1994. A transect stretching from three forested upland 
sites to an open graminoid fen contained within a black spruce paisa (OBS) was compared 
with a similar transect from upland lichen and Sphagnum moss sites to wetland mire and 
pond sites adjacent to an active beaver pond (BP).
Past studies summarized in Chapter 1 suggest that the boundaries between upland and 
wetland ecosystems offer potential process level constraints on terms within the global 
budgets of CH4 and C 02. Examination of these transition zones also offers insight into the 
potential for climatic change to alter the rate and form of carbon cycling in such systems.
The specific objectives of this study were to provide:
1. Characterization of the seasonal flux patterns of CH4 along moisture gradients from 
upland to wetland in the Northern Study Area of BOREAS.
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2. Examination of the roles of temperature, water table level and vegetation in 
determining the exchange of CH4 with the atmosphere.
3. Assessment of the role these variables play in determining rates of soil and plant
root respiration as measured by dark C02 fluxes.
4. Exploration of the utility of using surface vegetation as a proxy for trace gas flux
and the underlying variables that determine such flux.
5. Diurnal effects on CH4 and C 0 2  emissions from wetland transects in Canada are
compared with similar data from Alaska.
Site Description
The environmental transects lie within the Northern Study Area of BOREAS, west of 
Thompson, Manitoba (55.91°N, 98.42°W). The Northern Study Area is a heterogeneous 
landscape of low relief containing a variety of upland and wetland plant c o m m u n i t i e s  
interspersed with beaver ponds, lakes and streams. The location and distribution of these 
communities is determined by soil substrate, the presence of permafrost, drainage patterns, 
and microtopography. The underlying topography is based upon lacustrine sediments from 
glacial Lake Agassiz atop Pre-Cambrian bedrock of the Canadian Shield [Bubier et al. 
1995a]. The total precipitation o f402 mm in 1994 was significantly less than the average 
annual precipitation in Thompson of 585 mm (60%:40% rain:snow). The average annual 
temperature in Thompson is -3.9°C.
The Old Black Spruce (OBS) transect (Figure 2.1 A) was located along East/West 
trending boardwalk and power line connecting the OBS tower to the generator station at the 
old black spruce paisa. The Beaver Pond (BP) transect (Figure 2. IB) was located 
approximately 200 meters northwest of the beaver pond experimental tower. Both 
transects were designed to incorporate a transition zone from dry, upland plant 
communities to moist or flooded wetland communities along an elevation gradient within
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the larger ecological unit Each transect consisted of a hydrologic gradient with four site- 
types classified by the dominant surface vegetation. In order from dry to wet these are 
Feather Moss, Lichen, Fen Margin Moss, and Fen within the OBS and Lichen, Sphagnum 
Moss, Mire and Pond within the BP.
The OBS transect (Figure 2.1 A) extended approximately 200 meters from the upland 
Feather Moss down to the wetland Fen. Topographic relief along the transect was limited 
to slight rolling undulations o f the land surface spanning a total range of less than three 
meters. The Feather Moss and Lichen sites were substantially above the water table (>30 
cm) during the entire study period. Within the Fen Margin Moss site the water table was 
usually located between 20 and 30 cm depth, though it was not observed above the ice in 
the early part of the field season. The Fen site was flooded or had a water table within 10 
cm of the surface for the entire study period. In all sites, the depth to ice was observed to 
fall from approximately 20 cm in late May to a depth greater than 30 cm by the middle of 
June. The soils within the OBS transect consisted of peat comprised o f various moss 
species, sedges and vascular plant tissues. Appendix C lists the plant species and surface 
coverage for each of the collars.
The OBS Feather Moss site was dominated by the bryophytes Pleurozium schreberi, 
Hylocomium splendens, and Tomenthypnum nitens. Labrador tea (Ledum 
groenlandicum), and Arctostopylus rubra, Vaccinium spp. were the dominant vascular 
plant species. An overstory of black spruce (Picea mariana) shaded the Feather Moss site. 
Vascular plants comprised approximately 22% of the surface cover.
The OBS Lichen site was located approximately 10 meters from the Feather Moss site 
under a more open canopy of Picea mariana. Cladina mitis and Cladina stellaris formed the 
dominant bryophyte cover. There were fewer vascular plants in the Lichen site, 
comprising only 9% of the surface cover, with Vaccinium vitis-idaea dominant
The OBS Fen Margin Moss site was located approximately 200 meters from the Feather 
Moss and Lichen sites, adjacent to the Fen site. The Fen Margin Moss site possessed an
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open overstory of Picea mariana and containing some paper birch (Betula papyifera). 
Sphagnum fuscum and Tomenthypnum nitens were the dominant bryophytes present 
Ledum groenlandicum, Betula pumila, Vaccinium oxycoccus, Smilacina trifolia and 
Equisetum spp. were the primary vascular plant species which comprised 24% of the 
surface cover.
The OBS Fen site consisted of an open graminoid fen contained within a shallow basin 
approximately 20 meters in width by 50 meters in length. The fen was surrounded by 
Picea mariana dominated forest containing vegetation similar to the other three sites along 
the OBS transect Tomenthypnum nitens, Limprichtia revolvens, Cinclidium stygium, and 
Meesia triquetra were the dominant bryophytes. Carex spp., Smilacina trifolia, and 
Vaccinium uliginosum were the dominant vascular plants, which accounted for 27% of the 
surface cover.
The BP transect (Figure 2. IB) extended for approximately 50 meters from the upland 
lichen site down to the vegetated edge of an active beaver pond. The upper portion o f the 
transect was formed by a shallow slope of approximately two meters in total vertical 
displacement The water table was never observed to be within the top 30 cm o f the 
vegetation surface within the BP Lichen site. By contrast the water table in the BP 
Sphagnum Moss site rose periodically to a depth o f 10 cm below the vegetation surface. 
The timing and magnitude of the fluctuations suggest that the Sphagnum Moss site is 
hydrologically linked with the beaver pond. Rapidly increasing depth to soil ice was 
observed within both the Lichen and Sphagnum Moss sites during the latter part o f May 
and early June, after which time ice was not observed within the top 30 cm o f the soil.
Soils within the Lichen and Sphagnum Moss sites consisted of organic plant residues, 
primarily resembling decaying moss tissue.
The BP Mire site was located at the base of the slope in a shallow backwater basin 
formed by the smaller of the pond’s outlets. The water level within the Mire site was 
controlled by that of the pond and was always 10 to 15 cm above the sediment surface
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Figure 2.1. Site Layout: (A) Old Black Spruce Transect (OBS). The OBS Transect 
contained four site-types designated Feather Moss, Lichen, Fen Margin Moss, and Fen 
based upon their status along a hydrologic and vegetation gradient Only Fen is a wetland 
site. (B) Beaver Pond Transect (BP). The BP Transect contained four site-types 
designated Lichen, Sphagnum Moss, Mire and Pond along a gradient s im i la r  to the OBS. 
Mire and Pond are wetland sites. Sphagnum Moss is hydrologically linked to the pond 
water level and a has a similar water table to that o f the OBS Fen. (C) Vegetation groups 
by site-type. Graminoid vegetation, associated with high CH4  fluxes, is prominent only in 
the wetland OBS Fen, BP Mire and BP Pond not in the other upland sites.
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except for a brief period at the end of June. At that time, a breach in the primary beaver 
dam caused the water level to drop to a depth o f 1 0  cm below the collar surfaces, leaving 
the soil o f the Mire site exposed to the atmosphere for approximately 10 days. The 
substrate of the Mire site consisted of a heavily decomposed organic muck containing few 
recognizable plant residues. Black sediments and sulfldic smell suggested the muds 
remained anoxic. The Mire site displayed early season ice levels similar to the upland sites. 
The Pond site was separated from the Mire site by a grass covered, meter-high, 
unmaintained section of beaver dam. The collars within the Pond site were flooded under 
10 to 15 cm of water for the entire field season except for the late June period described 
above. The pond edge with emergent vegetation containing the Pond site collars dropped 
off rapidly into the open water and depths of the pond. Frozen soil was never observed 
within the Pond site. The substrate of the Pond site, unlike  that o f the Mire site, was 
composed of light brown organic muck mixed with recognizable plant residues.
Vegetation type varied greatly between the BP sites. The Lichen site was dominated by 
the lichen Cladina mitis. A variety of vascular plants made up only 17% of the surface 
cover. Tomenthypnum nitens was the dominant bryophyte within the Sphagnum Moss 
site. Arctostopylus rubra, Lonicera villosa, and Carex spp. were the dominant vascular 
species, comprising 38% of the surface cover. The Mire site was heavily shaded by an 
overstory of larch trees (Larix laricina). The understory consisted exclusively of the 
emergent vascular plants Calamagrostis canadensis and Carex spp. The Pond site also 
contained only vascular plants, predominantly Carex spp. and Calamagrostis canadensis. 
Comparisons of plant coverage by category can be made between the sites on both transects 
using Figure 2.1C.




Meteorological data including precipitation, air temperature, wind speed, and 
photosynthetically active radiation (PAR) for the Old Black Spruce and Beaver Pond 
transects were recorded on a continuous basis at nearby BOREAS meteorological flux 
towers. Site specific data on soil temperatures, water table depth and ice depth were 
measured weekly at the time of sampling. The approximate spatial coverage of vascular 
and bryophyte plant species was determined within each o f the collars by visual inspection 
at the conclusion of the field season in September.
Soil temperatures were measured utilizing permanently implanted thermocouple probes 
and a portable thermocouple reader. A single probe was placed at each of the four sites 
along each transect. Each temperature probe consisted o f a wooden dowel mounted with 
10 AWG type T copper/constantin thermocouples placed at depths of -5, -10 and -20 cm 
below the peat surface. The temperature probes were calibrated in the lab prior to 
distribution in the field.
Site specific water table measurements were recorded weekly at the time of field 
sampling. Water tables at greater than 30 cm depth were not directly sampled. All depths 
were measured in relation to the rim of the flux collars which were placed at the soil 
surface. Depth to ice was measured using the water profile sampler for those periods and in 
those sites where ice could be detected within the top 30 cm of the soil profile. Plant 
species were identified and ground level community composition was estimated by Dr. J. 
Bubier (Appendix Q .
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Flux M easurem ents
Trace gas fluxes were measured with a static chamber method on a weekly basis [Crill et 
al. 1988; Moosavi et aL, 1996]. Each site along the OBS A and BP transects was outfitted 
with four plastic flux collars at the beginning of the field season in mid May. The OBS 
Feather Moss B and Sphagnum Moss B sites each received four aluminum collars. The 
OBS Lichen B and C sites each received two aluminum collars (Figure 2.1A&B). Collars 
were distributed randomly over vegetation representative of the sites. The plastic collars 
were cut into the soil to a depth of approximately 25 cm such that the collar rim lay at the 
level of the primary vegetative surface of moss or lichen. The aluminum collars were 
inserted to a depth of 10 cm. hi the BP Mire and Pond sites, the collars were placed such 
that the rim lay just beneath the normal water level. Plastic collars were constructed from 
circular polyethylene storage containers with a diameter of 31.5 cm. Aluminum collars 
were squares 63 cm on a side.
Fluxes from the plastic collars were measured using an opaque plastic chamber covering
an area o f 0.078 m2  with a volume of 0.028 m3. These chambers were constructed from
31.5 cm diameter by 36 cm high polyethylene containers fitted with a gasket of window
stripping to form a tight seal with the collars. The tightness of the seal was reinforced
through the use of elastic bands attached to the collar and chamber. Chamber air was not
circulated during flux measurements except by syringe pumping. The top of the chamber
was fitted with a Swagelock bulkhead fitting connected to a polyethylene stopcock allowing
for sampling without disturbing the chamber. The aluminum collars were sampled with an
opaque square aluminum chamber covering an area o f0.397 m2  with a volume of 0.120 m3
similar to those described in Crill et aL [1988]. An airtight seal between chamber and collar
•
was maintained through the use of a water filled trough attached to each collar. Chamber 
air was stirred continuously by variable speed fans. Samples were collected from the 
chamber headspace through a one meter length of tygon tubing. The temperature within
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both types o f chambers was monitored using a built in temperature probe. Reflective mylar 
blankets were used to cover the chambers on sunny days to prevent the temperature within 
the chambers from rising by more than 2°C during the course o f flux measurements. There 
was no consistent difference in the fluxes measured with either chamber type.
Flux samples were collected approximately weekly from each collar in each site of the 
OBS and BP transects. Samples were generally collected between the hours of 10:00 and 
16:00 LT. Samples o f chamber air were collected every four minutes after placement of the 
chambers on the collars (five samples per chamber collected over twenty minutes).
Samples from the plastic collars were collected initially in a 60 mL polypropylene syringe 
fitted with a polycarbonate/nylon stopcock before transfer to preevacuated 25 mL glass 
vials fitted with butyl rubber stoppers. The vials were overpressurized with sample to 
prevent contamination by ambient air before analysis. Samples o f ambient atmosphere were 
collected by the above procedure at the start and end o f each series of flux measurements in 
each site. Samples from the aluminum collars were collected and stored within the 60 mL 
polypropylene syringes equipped with polycarbonate/nylon stopcocks.
Samples of the soil pore space air and water were collected in each site at the time of flux 
measurements. Samples were collected every five cm down to a maximum depth of 30 cm. 
The 30 mL samples were drawn through a stainless steel tube and collected in 60 mL 
polypropylene syringes fitted with polypropylene/polycarbonate stopcocks. All samples 
were transported to the lab and analyzed within 24 hours o f sampling. CH4  in the water 
samples was extracted by shaking for 2  min. with an equal portion of ultrapure nitrogen 
[.McAuliffe, 1971]. Extraction of CH4 by this method is 98% efficient.
The diurnal cycle o f CH4  and dark C02 were examined at the Beaver Pond transect on 
the night of July 8  - 9. A  normal series of flux measurements was conducted during the 
day on July 8  to establish a baseline. Thereafter, fluxes were collected by the standard 
method at two collars within each site at approximately three hour intervals starting at 
20:00,23:00, 5:00 and 8:00. Soil temperatures and ambient samples were obtained during
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each series o f measurements. Full dark was observed at the site on this date from 
approximately 23:00 until 3:00.
A similar diurnal experiment for CH4  was conducted along a moisture gradient in 
Lemeta Bog in Fairbanks Alaska on the night of July 14-15 ,1993 . In this experiment 
CH4  flux was measured at approximately 2.5 hour intervals in dry (treed low-shrub bog), 
wet (open low-shrub bog) and floating mat (open graminoid bog) sites. Detailed 
descriptions o f these sites can be found in Moosavi et a l  [1996]. The techniques and 
equipment utilized were similar to those used in the BOREAS study.
A nalysis
All samples were returned to the BOREAS Northern Study Area Hayes Road 
Laboratory in Thompson and analyzed within 24 hours of collection. Samples were loaded 
by syringe onto two 2-mL stainless steel injection loops through CaS04  drying cartridges. 
The first injection loop was connected to a flame ionization detector (FED) operated at 
125°C, using ultrahigh purity (99.999%) nitrogen as a carrier gas (flow rate of 30- 
mL/min.), for analysis of CH4. The second injection loop used a thermal conductivity 
detector (TCD) operated at 70°C, utilizing ultrapure (99.999%) helium as a carrier gas 
(flow rate o f 30-mL/min.), for analysis of C 02. Samples were separated on 1/8 inch, 2 
meter stainless steel HayeSep Q columns both contained in a Shimadzu 14A gas 
chromatograph operating at 40°C. Samples containing high concentrations o f CH4  such as 
those extracted from the soil profiles in the OBS Fen, BP Mire and BP Pond were analyzed 
on a Shimadzu Mini-2 gas chromatograph equipped with a FID. Analog signals from the 
gas chromatographs were collected and analyzed on a Hewlett Packard 35900D A/D board 
on a Hewlett Packard 486 or Dolch 486 computer equipped with HP ChemStation 
software.
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Standardization o f the gas chromatographs occurred by injection of a series of at least 10 
duplicate samples of working standard at the beginning and end of each period of analysis. 
The 14A and Mini-2 FID detectors were calibrated with CH4  working standards of 2.35 
and 2037 ppmv respectively. Analytical precision for CH4  was monitored by comparison 
of the standards and periodically by intercomparison o f dual injection of samples.
Precision as measured by the percentage of the standard deviation of the standards divided 
by the mean was generally less than 0.5% of the sample value. We estimate an analytical 
detection limit for CH4 fluxes from our method o f approximately 0.03 mg/m2/d (2 pmol 
CH4/m2/d). The TCD was calibrated using a 763 ppmv C 0 2  standard. Precision was 
generally within 2% of the sample value. We estimate an analytical detection limit for C 0 2  
fluxes from this method of 2 2  mg/m2/d (0.5 mmol COj/mVd). The working standards 
were calibrated against Canadian Atmospheric Environment Services and NOAA Climate - 
Monitoring and Diagnostics Lab primary standards.
CH4 fluxes were calculated by regressing the concentration of headspace CH4 versus the 
time of collection [Crill et aL, 1988] at the 90% confidence level. Fluxes whose 
regressions were not statistically significant (p< 0.1) were removed. At those sites where 
very low CH4  flux were observed, i.e. OBS Feather M oss, Lichen, Fen Margin Moss and 
Fen and the BP Lichen and Sphagnum Moss, nonsignificant regressions were assigned a 
flux value of zero signifying values below the detection limit of our method. In the high 
CH4 flux sites of the BP Mire and Pond, the nonsignificant CH4  flux numbers were 
removed if evidence of peat degassing due to a disturbance (e.g. chamber emplacement) 
was present Such samples had initial concentrations far above ambient and either 
stagnated at high levels or decreased in concentration below that of the initial sample.
C02 fluxes were calculated using three points in the linear regression analysis also at the 
90% confidence level. Nonlinear chamber effects on C 0 2  flux are not insignificant over the 
course of a 20 minute flux interval. In order to reduce chamber effects on C 0 2  emission, 
fluxes were determined by taking a linear regression through the four and eight minute C 0 2
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data points and the ambient C 0 2  data value for that site. This technique measures the dark 
C 02  flux during the first eight minutes after placement o f the chamber when chamber 
effects on plant processes and soil C 0 2  gradients are minimized. Fluxes whose regressions 
were not statistically significant were removed from the data set Flux numbers were also 
removed if  evidence of peat degassing due to disturbance was present
Results
W ater Table
The general water status across the OBS transect can be inferred from the site diagram 
(Figure 2.1 A&B). Water table levels over the course of the season in the wetter sites are 
portrayed in Figure 2.2. The water tables in the OBS Feather Moss, OBS Lichen and B 
Lichen sites were consistently beneath 25 cm and nearly always beneath 30 cm in depth. 
The water table for the OBS Fen Margin Moss site was always beneath 20 cm and 
generally declined over the course of the summer from a high in late June to early July to a 
minimum in mid August before rising again with the approaching fall. The water table in 
the OBS Fen was generally stable at or near the vegetative surface until August when the 
water table declined to a depth of 1 0  cm.
The BP Mire and BP Pond were nearly continuously flooded with the water table at the 
surface of the collars. The exception to this condition occurred in late June when a dam 
breach temporarily lowered the water level in the pond to a depth of 1 0  cm below the rim of 
the collars. In this condition the BP Mire substrate was exposed to the atmosphere, 
whereas the BP Pond soils remained inundated. The water table in the BP Sphagnum 
Moss site appears to be a rough mirror of that within the BP Mire and BP Pond but at depth 
10 cm greater. The water table shows the same decline in level during the dam breach











Figure 2.2. BOREAS seasonal water table levels. Depths are measured from the 
vegetative (moss) surface or collar rim as described in the text OBS Fen Margin Moss Site
• , OBS Fen Site ♦ , BP Sphagnum Moss Site O, BP Mire and Pond Sites X. OBS 
Feather Moss and Lichen and BP Lichen Sites are not shown due to water tables below 35 
cm for all but the initial few weeks o f the season. The decline in water tables at the BP 
Transect on Day 199 was caused by a breach in the beaver dam which lowered water levels 
by about 10 cm. The decline in water table at the OBS with resulted from gradual drying of 
the site over the course of the summer.
event. The subsequent recovery of the water table to the 10 cm level suggests that the BP 
Sphagnum Moss site is hydrologically linked to the BP Mire and BP Pond. Water and ice 
table depths are summarized in Appendix A.
Tem perature
Soil temperatures on the OBS and BP transects exhibited great variability over the 
course of the field season. In the upland sites on both transects, i.e. Feather Moss, Lichen, 
Fen Margin Moss, and Sphagnum Moss, soil temperatures were greatest nearest the
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surface and declined rapidly with depth. The presence of shallow ice in the Spring was 
observed as was the convergence o f soil temperatures across all depths with the approach 
o f fall in late August and September. In the wetland sites, i.e. OBS Fen, BP Mire and BP 
Pond soil temperatures at 5,10 and 20 cm were clustered, with greater damping of 
variability over the course of the season. In all sites the response of soil temperature to the 
seasonal cycle of heating and cooling was increasingly damped with increasing depth.
The overall thermal budget within the upper 20 cm of the soil portrays substantial 
differences between the OBS and BP transects and between some sites within those 
transects. Thermal budgets were calculated by summation of daily mean temperature data 
over the top 20 cm of the soil for each site. Positive temperatures represent an increase in 
total thermal content, while negative temperatures resulted in a decrease, assuming a 
baseline at 0°C.. The BP sites were generally warmer than the OBS sites. The upland sites 
along the OBS transect were generally similar in temperature while the Fen was 
substantially warmer at 20 cm. At 5 and 10 cm however, the OBS Fen was substantially 
colder than the OBS upland sites making it the coldest site studied. The BP transect 
displayed significant differences in overall thermal content between all sites. The greatest 
warmth was contained in the wetland sites with thermal content declining with increased 
elevation and decreased moisture content This temperature regime is similar to that seen 
along moisture gradients in boreal wetland complexes in central Alaska [Moosavi et al, 
1996]. Soil temperature data are summarized in Appendix B.
V egetation
The sites along the OBS and BP transects were chosen to reflect differentiated plant 
communities. The vegetation of the sites was measured in terms of percentage o f canopy 
cover within the individual collars. The overlapping of shrub and surface layers enables 
sites to have covers over 100%. To simplify analysis, the plant cover data were aggregated
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into functional groups, Le. Graminoid, Sphagnum Mosses, Feather M osses, Lichen and 
Other (non-graminoid) vascular plant species, giving an indication of the dominant plant 
types within the sites (Figure 2.1C and Figure 2.3).
The OBS Feather Moss site is dominated by feather moss species, primarily Pleurozium 
schreberi with a significant presence of Sphagnum and non-graminoid vascular plant 
species. Graminoids form an insignificant portion of the plant cover. The OBS Fen 
Margin Moss and BP Sphagnum Moss sites are dominated by Sphagnum species with less 
than 10% of their vegetation made up by graminoids. Non-graminoid plants make up 
approximately 30% of the cover in both instances. The OBS and BP Lichen sites are both 
heavily dominated by Cladina species with less than 20% of their cover arising from other, 
mostly non-graminoid, vascular species. The wetland sites were generally less diverse 
than the uplands with graminoids and open water or soil dominating at the BP Mire and 
Pond. The OBS Fen, by contrast, contained a plethora of non-graminoid species with 
significant cover provided by Sphagnum moss. Graminoids formed a minor component of 
the vegetative cover. Vegetative cover data are summarized in Appendix C.
Soil Trace Gas Profiles
Profiles of the soil trace gas content within each site were collected at the time o f flux 
measurements. The structures o f these profiles are indicative of the microbial processes 
active in different soil layers at any given time. In a soil perfecdy mixed with atmospheric 
air, the profile for CH4 should mimic the ambient level of 1. 8  ppmv. Soil CH4  values 
greater than ambient suggest zones of net methanogenesis whereas values below ambient 
are indicative of zones of oxidation. Such zones are present only where rates o f oxidation 
exceed the combined rates of methanogenesis and diffusive and advective exchange.
Figure 2.4A portrays typical examples of CH4 profiles from the OBS sites. The OBS 
Feather Moss and OBS Lichen profiles both indicate the presence of a strong zone of CH4
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Figure 2.3. Plot vegetative cover for selected plant groups. Cover levels and species 
diversity are higher in the OBS sites.
oxidation at a depth of 25 cm with little activity at other depths. The OBS Fen Margin 
Moss site shows slight methanogenic activity from 5 to 20 cm depth. CH4 profiles from 
the OBS Fen showed significant zones of production (Figure 2.4B). Profiles from Julian 
Days 152 and 249 both portray CH4  concentrations at depth over 100 times ambient By 
contrast, those profiles from Julian Days 194 and 242 both indicate relatively little CH4  at 
depth. All sites within the OBS exhibited both periods o f oxidation and production over 
the course of the field season (Table 2.1).
Typical CH4  soil profiles from the BP Lichen and BP Sphagnum Moss sites (Figure 
2.4C) show zones of oxidation at depths of 10 to 25 cm. The BP Lichen showed the most 
consistent and strongest zones of oxidation, whereas, the BP Sphagnum Moss behaved 









































Table 2.1: 1994 BOREAS Trace Gas Flux Summary












OBS Feather Moss 140-255 116 -0.51 -6.99 to 5.82 7.99 0.88 to 18.35
Lichen 140-255 116 -0.14 -6.20 to 9.81 10.3 1.84 to 40.45
Fen Margin Moss 140-255 116 0.15 -8.59 to 8.48 8 . 6 8 0.66 to 21.25
Fen 147-255 109 2.83 -6.53 to 22.97 8 . 2 2 3.90 to 35.78
BP Lichen 139-256 118 -1.58 -7.51 to 5.21 9.16 2.99 to 37.67
Sphagnum Moss 139-256 118 2.03 -7.29 to 15.76 7.62 0.95 to 25.43
Mire 139-256 118 1144 -1.89 to 3387 - 1.74 to 37.03
Pond 139-256 1 1 1 153.2 3.98 to 916.9 - 5.99 to 27.22
Notes: Positive numbers indicate flux to the atmosphere. Negative numbers indicate uptake from the atmosphere. Negative dark 
C 02 fluxes have been removed from the data set as described in the text. Mean dark C 0 2 values for the BP Mire and BP 














^  Q  
to  g>
Q r S
O >» C to
® § 5 0  ffl-c c cg) O o o  
L L  _ J  L L  LL
CM CM 09 
u i o> tt
1 -  CM CM
>V >N >* >V
(0  (0  CO CO
D O D O  
c  c  c  c
O ID ID (D 
LI. UL LL Li.
• o m<\ •
m
o<|





o> co 52 S2O J O g O’“CMS 2
S'S'E E QO§ = 
c c a a
(D (D CO CO 
S 1 X 1  SZ. .C  
o  O  Q . Q .
CO
* -  CD
to  O f  
f -  CM CM 
>*>% >> 
co co co D QQ
CO CO CO 
CO CO COo o o
E E E3 3 3
c  e  c
O ) O ) 0 9  
CO CO CO 
. c  x : . c
Q . Q . Q .CO coco
0 0 6  0  0 4
£ g  3 ®  ® ”
•w ^  vL >*S* S ' 2 *  CO O  CO 
g g g Q O O
2  2  2 ?  C C
Z 5 s £ £ i














C  CD _® « „ "O £ r  i— CP r  CD 
O Q . ^  O  U - 
_ l  CO S ( L  CO 
0.0. Q.Q. Smaj mm O

























F igure 2 .4 . Soil CH4  Profiles (A) OBS sites with zones o f oxidation present in the 
Feather Moss and Lichen sites below 20 cm. (B) OBS Fen showing production o f CH4  at 
depth across the field season. (C) BP Lichen and Sphagnum Moss sites showing zones of 
oxidation below 10 cm. (D) BP Sphagnum Moss site showing CH4  production at depth at 
times during 1994. (E) BP Mire and Pond sites showing high concentrations of CH4  and 
production at depth throughout 1994. Note the drop in CH4  concentrations on Day 199 
due to a drop in water levels due to a partial dam breach. TTie legend to the figures follows.
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2.4C&D, Table 2.1). Profiles from the BP Mire and BP Pond sites both contained far 
greater concentrations o f CH4  than any of the other sites (Figure 2.4E). CH4 
concentrations rose with depth to concentrations near the CH4  saturation point of 1 mM. 
Zones of net oxidation were not observed, although periods o f CH4  concentration collapse 
such as on Julian Day 199 did occur. The order of magnitude weekly variability of the 
unsaturated zone upland profiles suggests either periodic flushing o f the soil by changes in 
atmospheric pressure or high winds or periods of inactivity in the soil zones hosting 
methanotrophic organisms due to extreme dryness as observed in Moosavi [1994]. The 
greater variability within the wetland profiles (two to three orders o f magnitude) suggests 
periodic emission of large quantities of CH4, perhaps, by bubble ebullition. CH4  profile 
data are summarized in Appendix G.
Figures 2.5A-C show typical soil profiles portraying the seasonal development o f the 
soil C 0 2 pool. The OBS Feather Moss, OBS Lichen and OBS Sphagnum Moss sites are 
not shown but are similar in magnitude to the BP Lichen site. These figures indicate that a 
sizable pool of C 0 2  exists within all sites, particularly the wetland OBS Fen, BP Mire and 
BP Pond sites. Pool size fluctuates over an order of magnitude from week to week, 
generally increasing in magnitude as the season progresses. No correlation with flux was 
detected. C 02  profile data are summarized in Appendix H.
Seasonal Trace Gas Flux Cycles
CH.,. The seasonal CH4  fluxes for the OBS transect are illustrated in Figure 2.6A and 
Appendix E. Over the course of the field season all four sites exhibited both CH4 oxidation 
and production, often occurring simultaneously in different collars within a site. In 
addition, the fluxes from many collars were below the limit of detection o f our technique 
and have been assigned values o f zero. A similar phenomenon has been observed in treed 
low boreal bogs [Roulet et al., 1992a] and treed low shrub bogs [Moosavi et a i, 1996].
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F igure 2.5. Soil C 0 2  Profiles. Soil C 0 2  levels for all sites show an increasing trend 
over the course of the field season. (A) Early Summer. (B) Mid Summer. (Q  Late 
Summer. Values of the OBS Feather Moss, Lichen and Fen Margin Moss are similar in 
magnitude to the BP Lichen and are not shown. Wetland sites contain more C 0 2  at all 
times. For Legend see Figure 2.4.
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These low fluxes dampen the magnitude of the seasonal mean fluxes from these sites.
Mean (range) fluxes calculated for the entire field season (Table 2.1) were -0.51 (-6.99 to 
5.82), -0.14 (-6.20 to 9.81), 0.15 (-8.59 to 8.48), and 2.83 (-6.53 to 22.97) mg CH4/m2/d 
in the OBS Feather Moss, OBS Lichen, OBS Fen Margin Moss, and OBS Fen sites 
respectively.
As in the OBS sites described above, both the upland BP Lichen and BP Sphagnum 
Moss sites were observed to produce and oxidize CH4  with different collars in each site 
often exhibiting fluxes o f differing direction (Figure 2.6B). The BP Lichen is dominated 
more strongly by oxidation than the other sites with net production of CH4  occurring on 
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Figure 2.6. Seasonal CH4  Fluxes. (A) OBS Transect. Fluxes show a near steady state 
between CH4  oxidation and production with only the OBS Fen in August showing a strong 
positive flux. (B) BP Transect, Upland Sites. Fluxes show strong oxidation in the BP 
Lichen site. The BP Sphagnum Moss site shows both oxidation and production until 
August when it becomes a steady source of CH4. (C) BP Transect, Wetland Sites. High 
positive fluxes across three orders of magnitude indicate the presence o f a strong CH4  
source. Note the drop in fluxes in the BP Pond on day 199 at the time of decreased water 
level due to the dam breach.
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balance between oxidation and production until August During August and September, 
this site exhibited a surge in methane flux similar in magnitude and form to that of the OBS 
Fen. CH4  oxidation was not observed in the BP Sphagnum Moss site during August 
Seasonal CH4 fluxes for the BP Pond and BP Mire (Figure 2.6C) were over one and two 
orders of magnitude, respectively, greater than in any other site along either transect Net 
oxidation was not observed in either site except for a single BP Mire collar early in the field 
season. CH4 flux at the BP Mire followed a pattern similar in form to that seen in the OBS 
Fen and BP Sphagnum Moss, with a relatively low fluxes early in the field season 
followed by a surge in flux in the second half o f the field season. The BP Pond Site, by 
contrast, exhibited greater week to week variability in fluxes with maxima in mid June and 
mid July separated by an extremely low period of flux in late June when the pond level was 
temporarily lowered by a partial dam breach. Fluxes within the BP Pond declined steadily 
from mid July until the end of the experiment in mid September. Mean (range) fluxes 
calculated for the entire 1994 field season (Table 2.1) were -1.58 (-7.51 to 5.21), 2.03 (- 
7.29 to 15.76), 1144 (-1.89 to 3387), and 153.2 (3.98 to 916.9) mg CH4/m2/d in the BP 
Lichen, BP Sphagnum Moss, BP Mire and BP Pond sites respectively.
CO.. The C 0 2 fluxes measured at the OBS sites over the course of the field season are 
summarized in Figure 2.7A, (Table 2.1) (Appendix F). The flux measured from different 
collars in a given site on a given date varied over an order of magnitude. Minimum fluxes 
below zero were occasionally measured in the wet OBS Fen site. Since fluxes were 
measured using dark chambers, the apparent presence of photosynthetic uptake of C 0 2  
(negative fluxes) suggests a problem of light leakage in our experimental apparatus. This 
subject will be touched upon more in the Discussion. These values have been removed 
from the analysis. The mean (range) dark C 0 2  values were 7.99 (0.88 to 18.35), 10.3 
(1.84 to 40.45), 8 . 6 8  (0.66 to 21.25), and 8.22 (3.90 to 35.78) g CO/mVd in the OBS 
Feather Moss, OBS Lichen, OBS Fen Margin Moss and OBS Fen Sites respectively.
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F igure 2 .7 . Seasonal Dark C 0 2  Fluxes. (A) OBS Transect. Fluxes show consistent 
efflux of similar magnitude from all sites. Little evidence of a seasonal trend is visible. 
(B) BP Transect. Fluxes show greater variability than the OBS. Net influx o f C 0 2  
observed in the BP wetland sites indicates photosynthesis was not entirely shut down 
during flux measurements due to light leakage from the floating chambers used in these 
sites.
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The BP seasonal C 0 2  fluxes (Figure 2.7B, Table 2.1) show considerably more 
variability than those from the OBS. The presence of apparent C 0 2  uptake was again 
observed in the wet BP Mire and BP Pond. Mean (range) fluxes for the entire field season 
were 9.16 (2.99 to 37.67) and 7.62 (0.95 to 25.43) g CO/mVd in the BP Lichen and BP 
Sphagnum Moss sites respectively. Fluxes for the BP Mire and BP Pond were unreliable 
given the high proportion o f fluxes suspect due to C 0 2  uptake. The range of positive 
fluxes observed from these sites were 1.74 to 37.03 and 5.99 to 27.22 g CO/m^d in the 
BP Mire and BP Pond respectively.
Diurnal Experim ents
The diurnal cycles o f o f temperature, CH4  and C 02  were measured along the Beaver 
Pond Transect at BOREAS in 1994. These data are compared with a similar diurnal 
experiment conducted in 1993 in the Lemeta Bog wetland complex in Fairbanks, Alaska. 
Only CH4 fluxes and ambient CH4  levels were measured in the latter experiment, however. 
The data are summarized in Appendix D.
The average soil temperatures at the Beaver Pond on July 8 - 9 ,1 9 9 4  (Day 189 - 190) 
were highest in the Pond (13.1°Q  and declined inland along the transect through the Mire 
(10.5°C), Sphagnum Moss (9.9°C) and Lichen sites (6.0°C) (Figure 2.8). With the 
exception of the Pond site, the highest temperatures were measured during the afternoon of 
July 8  with temperatures declining until the morning of July 9. The Pond site reached its 
highest temperature in the evening of July 8  at 21:00 with temperatures declining until 
morning the next day. The 22.8°C range in temperatures was greatest in the Sphagnum 
Moss site. The smallest (8.0°C) temperature range was observed in the Mire and Pond 
sites. This diurnal cycle in temperature was less significant at 10 cm and virtually 
nonexistent at 20 cm (data not shown). The greatest diel temperature range at 20 cm of 
2.9°C was found within the Sphagnum Moss site.
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Figure 2.8. Boreas BP Diurnal Experiment. A diel cycle of soil temperature was 
detected in all sites in the top 5 cm. This cycle was damped to near zero by a depth of 20 
cm. A diurnal cycle in dark C 0 2  is evident and seems to follow that of temperature. No 
diurnal cycle in CH4 flux was observed. A diurnal cycle in ambient CH4  was observed.
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Dark C 02  fluxes (Figure 2.8) within the Lichen site ranged from 0.91 to 16.76 g/m2/d with 
a dip in the rate at midnight and in the early morning. This is in sharp contrast to the flux in 
the Sphagnum Moss site, the mean o f which remained remarkably constant throughout the 
experiment The range for individual collars was from 1.67 to 18.87 g/m2/d. Dark C 0 2  
fluxes within the Mire site ranged from -6.33 and 14.09 g COj/mVd with a peak flux to the 
atmosphere in the early morning just after dawn. The Pond site C 0 2  flux followed a 
similar pattern to that in the Mire with a range in values from -9.11 and 19.71 g/m 2/d. The 
negative fluxes seen for the Mire and Pond sites during the afternoon of July 8  are 
indicative of the suspected light leakage into these floating chambers. Light may have 
entered these chambers through the water column under very bright conditions. The 
absence of this effect during the dark and low light periods o f the diurnal lends further 
support to this contention. This does not explain the occasional negative measurements 
observed in the OBS Fen, however. Hence, one must be cautious in utilizing C 0 2  results 
from this site. C 0 2  consumption was not observed in the upland sites, suggesting that light 
leakage through the chambers is not a problem or occurred was produced photosynthesis of 
insufficient magnitude to compensate for respiration. Flux data from these sites are similar 
to observations by others, suggesting that the dark C 0 2  consumption problem is limited to 
the wettest sites. CH4 fluxes did not appear to be affected by this problem as no diurnal 
effect attributable to changes in light was observed in the diurnal experiment
CH4 fluxes (Figure 2.8) from the Beaver Pond Lichen and Sphagnum Moss sites range 
between -4.06 and 4.72 and -3.45 and 6.99 mg CH4/m2/d respectively over the course of 
the 18 hour experiment, suggesting a near continuous balance between net oxidation and 
net production o f CH4 in these sites. The Pond site showed a slight net decrease in flux 
(Figure 2.8) over the course of the diurnal with a range o f flux from 51.87 to 75.54 mg 
CH4/m2/d, well within the normal variability in flux between collars in this site, suggesting 
that no diurnal trend in CH4 is present The Mire site showed an increasing flux (3.61 to 
40.86 mg CH4/m2/d) over the time of the experiment from the afternoon of July 8  until the
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morning o f July 9. It should be noted that problems with one o f the Mire collars reduced 
this data set to a single set of measurements, leaving a greater margin for error. Fluxes for 
this collar were substantially below the mean for this site at this time o f the season (61.48 
to 267.2 mg CH4/m 2/d), which suggests that the trend observed may be recovery o f flux 
from disturbance such as the heavy rains prior to the diurnal experiment The continuous 
cooling trend in soil temperature in this site during the diurnal experiment lends further 
support to this hypothesis.
Measurements of the ambient concentration of CH4 over the course o f the BOREAS 
diurnal experiment (Figure 2.8) showed a 0.2 PPM increase during the course of the 
experiment with highest values measured at 8:30 in the morning on July 9 (Figure 2.8).
The development of elevated ambient CH4  concentrations during the course o f the night 
under calm atmospheric conditions in the vicinity of a large CH4  source could initiate such a 
CH4  high. Increased atmospheric mixing during the day would serve to dissipate the slight 
excess in CH4  developed during the night. Diurnal measurements o f C 0 2  (Figure 2.8) 
portray a peak in ambient C 0 2  near midnight with minimum C 0 2  levels recorded in the 
afternoon and early evening. This provides further support for the trapping o f CIi4 
emissions in a stable nocturnal atmospheric boundary layer.
CH4  fluxes from Lemeta Bog on July 14-15, 1993 ranged over 2 orders o f magnitude 
along the moisture gradient (Figure 2.9). Full dark was not observed at that time due to the 
high latitude (65°N). The Dry Site (treed low-shrub bog) exhibited increased rates of 
oxidation (0 to -9.9 mg CH4/m2/d) (Figure 2.9) during the darkest period o f the night, 
perhaps due to conditions more favorable for microbial activity created by increased soil 
humidity levels at night The seasonal data suggest that Dry Site oxidation rates were 
greatest when soil conditions were the wettest [.Moosavi, 1994; Moosavi et aL, 1996]. The 
Wet Site (open low-shrub bog) exhibited relatively stable fluxes (88.5 to 192.0 mg 
CH4/m2/d) indicating no diurnal trend in CH4  emissions in this site. The Mat Site (floating 
open graminoid bog) exhibited a possible diurnal trend given the 35% drop in fluxes
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Figure 2.9. Lemeta Bog Diurnal Experiment Indications o f a diurnal cycle of CH4  flux 
in the Mat and Dry Sites were observed with lowest efflux and greatest oxidation occuring 
in the coldest and darkest parts o f the night No diurnal cycle was observed in the Wet 
Site. A diurnal cycle in ambient CH4  was observed in the Wet Site. Night time ambient 
CH4  levels over the Mat Site were elevated, at times by a factor of 2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
(192.4 to 496.1 mg CH4/m 2/d) during the darkest and coldest portion of the night followed 
by a rise to the previous flux rate by morning. This suggests a decrease in flux due either 
to reduced CH4  production due to colder ambient and near surface temperatures at night, 
an increased resistance to CH4  efflux due to stomatal closure in the graminoid vegetation, 
or reduced flux gradient due to the reduction in wind velocity.
The Lemeta Bog diurnal experiment was conducted under extremely calm atmospheric 
conditions. A clear inversion layer present just above the tree canopy was particularly 
visible at the Mat Site, causing sharp cooling and heavy dew in this site. These conditions 
over a strong CH4  source could account for the elevation of ambient CH4 throughout the 
night during which twice global means were reached. Ambient CH4  levels at the Wet Site, 
a weaker source o f CH4, showed only a slight elevation o f 0.38 ppmv during the course of 
the night before returning to initial conditions by 8:00 in the morning. The Dry Site, by 
contrast, exhibited a 0.21 ppmv decline in ambient CH4  levels over the course of the 
diurnal experiment Under stable atmospheric conditions, this is consistent with the 
presence of a CH4  sink in this area.
Discussion
Controls on Trace Gas Flux
The vegetated communities along the OBS and BP transects reflect the differing 
conditions of moisture and temperature observed in these sites (Figure 2.2). The 
magnitude of the CH4  flux data from the OBS Feather Moss, OBS Lichen, and OBS Fen 
Margin Moss sites are in line with studies of similar sites from jack pine forests in 
Manitoba [Savage et al., 1997], forested and open peatlands in Ontario [Bubier, 1995], 
subarctic muskegs and boreal forest in Alaska[Whalen and Reeburgh, 1988; 1992;
Whalen et al., 1992], and treed low shrub bogs [Moosavi et aL, 1996] in Alaska. There
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was no evidence for any seasonal trend in CH4  flux in any site except for the OBS Fen 
which experienced a small surge in flux in the months o f August and September. OBS Fen 
fluxes were similar in magnitude to those from tall shrub fens at the BOREAS NSA Tower 
Fen [Bubier et a l, 1995a], wooded lawn and dry hummock sites in the Ontario Clay Belt 
and moderately rich fens in Quebec’s Labrador Trough [Bubier, 1995]. Fluxes from the 
OBS Fen were two orders of magnitude lower than those from the open graminoid fens, 
poor fens and bogs at the Tower Fen site [Bubier et a l, 1995a].
The most consistent and greatest magnitude of CH4 oxidation observed in this study was 
within the BP Lichen. The largest CH4  efflux and variability o f flux was observed in the 
BP Mire. Fluxes from the BP Mire were an order of magnitude higher than those reported 
in any of the BOREAS fen or beaver pond sites [Bubier et al., 1995a; Dove, MS. Thesis, 
1996; Roulet et al., in press]. The closest analogs in terms o f flux magnitude are found in 
Carex sedge meadows in Alaska [Whalen and Reeburgh, 1992] and open graminoid 
floating mats [Moosavi et al., 1996]. Despite being somewhat colder, the flux from the BP 
Mire site is still 2.5 times greater than either of the Alaskan sites. Fluxes from the BP Pond 
were similar in magnitude to those from beaver ponds in Ontario [Roulet et al., 1992a] as 
measured during BOREAS [Dove, MS. Thesis, 1996; Roulet et al., in press]. Fluxes were 
reported to be 3.5 times larger from a beaver pond in Alberta [Vitt et al., 1990]. Fluxes 
from ponds and lakes in northern wetlands are generally of this magnitude [Bartlett and 
Harriss, 1993].
Water Table
The balance between the production and oxidation of CH4  in wetland and upland soils 
appears to be controlled largely by the depth to the water table [Moore et a l, 1987; Crill et 
al, 1988; Roulet et al., 1992b; Bartlett et a l, 1992; Moosavi e t al., 1996] which 
determines the CH4  source strength and the length of the path through, and hence the
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residence time o f a CH4 molecule in, an aerobic soil layer. Oxidation dominates in upland 
sites with deep water tables such as the Feather Moss and Lichen sites. Production 
dominates in the wetland Fen, Mire and Pond sites. The BP Sphagnum Moss and OBS 
Fen Margin Moss sites, with moderate water tables (Figure 2.2), should exhibit 
characteristics of both methanogenesis and methanotrophy.
The lack of large CH4  fluxes to the atmosphere combined with the presence of persistent 
zones of oxidation (Figure 2.4A&C) imply that site hydrology constrains the OBS Feather 
Moss, OBS Lichen, OBS Fen Margin Moss and BP Lichen sites to being slight net sinks 
for CH4. The relatively deep water tables suggest that the near surface soil layers at these 
sites are not conducive to methanogenesis. Sporadic positive fluxes to the atmosphere, 
perhaps caused by localized moisture from rain events, ameliorate the strength of the sink 
and suggest that long term changes in site hydrology have the potential to convert these 
upland sinks to sources o f CH4  as has been observed on mineral soils at the BOREAS 
NSA jack pine sites [Savage et aL, 1997].
The BP Sphagnum Moss site, with its moderate water table (10 to 35 cm), exhibited 
behavior consistent with both a sink and source of CH4. Despite moderate water tables in 
the first half of the summer, CH4  fluxes from the BP Sphagnum Moss site remained 
clustered around zero with the concentration profiles suggesting either relative microbial 
inactivity or both oxidation and production were taking place. The concentration of CH4 
seen in the soil profiles (0.5 to 50 ppm) was usually significantly higher than in the upland 
sites (0.5 to 4 ppm) but was low compared to the wetland sites (1000 to 10,000 ppm). 
Distinct zones of subambient CH4  were present, particularly in the mid summer period.
The presence of a small but steady source of CH4  from the BP Sphagnum Moss site in the 
month of August (Figure 2.6B), at a time when the water table experienced a modest 
decline, suggests that factors besides water table depth account for this small source. The 
flux data suggest that the moderate water table in this site is a necessary, but insufficient, 
condition for methanogenesis.
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The saturated soil conditions due to the high water tables of the OBS Fen, BP Mire and 
BP Pond (0 to 10 cm) suggest the potential for high rates of methanogenesis and CH4  
emissions from these sites. As in the BP Sphagnum Moss, however, the high water table 
of the OBS Fen did not preclude occasional zones o f apparent soil oxidation from 
appearing, particularly in the early parts of the summer (data not shown). The growing 
size of the soil CH4  pool in August (Figure 2.4B), as in the BP Sphagnum Moss site, 
occurred concurrent with and despite a modest decline in the water table ( 1 0  cm), 
suggesting that temperature rather than water table was the dominant control on flux from 
this site.
The BP Mire and BP Pond sites both exhibited large soil CH4  pools, ranging from 0.34 
to 121 and 0.26 to 82.6 mM CH4/m2  in the top 25 cm of soil respectively) (Figure 2.4E) 
and flux rates (Figure 2.6C), as might be expected of continuously inundated sites. 
Subambient CH4 mixing ratios were not observed in the soil profiles from these sites. 
Saturated soil conditions conducive to CH4 flux persisted in these sites for the entire field 
season. The precipitous drop in flux seen on Day 179 in the Pond Site (Figure 2.6C) 
corresponds to the water table drop precipitated by the dam breach in late June, suggesting 
that water table stability can have a significant effect on flux.
These observations are in accord with our work from a boreal bog complex in Alaska 
[Moosavi et al, 1996] which suggest that the depth to the water table acts as a master 
switch on CH4 flux. The potential for significant CH4 fluxes appears to be related to the 
depth of the water table with flux potential declining with increasing depth. Whether or not 
flux potential is realized, however, appears to be dependent upon other factors such as 
temperature and available substrate. This study does not address issues of overall 
substrate quantity either from decomposition of organic matter or addition as plant root 
exudates. As such, it is not possible for us to exclude the possibility of a co-limitation on 
CH4  flux due to substrate.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
Temperature
Heat accumulation as measured by heating degree days (defined as temperature above 
0°C multiplied by the number of days) within the BP Lichen and BP Sphagnum Moss sites 
was approximately two to three times that of the corresponding sites on the OBS transect 
(Figure 2.10A). The thermal content o f the OBS Feather Moss site was intermediate 
between the BP and OBS sites. The wetland sites also showed (Figure 2.10B) a factor of 
two to three range with maximum values observed in the BP Pond and BP Mire due to the 
higher heat capacity o f water. Despite similar aspect and moisture content, the OBS Fen
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Figure 2.10. Soil Temperature. (A) Upland Sites. The OBS Feather Moss, OBS 
Lichen, OBS Fen Margin Moss, BP Lichen and BP Sphagnum Moss show similar 
cumulative soil temperatures at all depths over the course of 1994 (20 cm data shown). (B) 
Wetland Sites. The wetland sites show greater variability of cumulative soil temperature 
with the BP sites significantly warmer at all depths than the OBS Fen, the coldest site 
studied in this experiment (Q  OBS Fen /BP Sphagnum Moss Comparison OBS Fen and 
BP Sphagnum Moss show similar cumulative soil temperature at 20 cm, suggesting this as 
the cause of similar flux magnitude and timing in both sites.
- • —  OBS Feather Moss
-♦ OBS lichen
-■—  OBS Fen Margin Moss 
BP Lichen
BP Sphagnum Moss





























2 0 0 0
1 5 0 0 -
1 0 0 0 -
5 0 0 -
Fen 5cm  
Fen 20cm  
Mire 5cm  
Mire 20cm  
Pond 5cm  
Pond 20cm
1 3 8  1 5 8 1 7 8  1 9 8  2 1 8
Day of Year
2 3 8  2 5 8
200Q
Fen 5cm  
Fen 10cm  
Fen 20cm  
BP Sph. Moss 5cm 
BP Sph. Moss 10cm 
BP Sph. Moss 20cm
5 0 0 -
1 3 8  1 5 8  1 7 8  1 9 8  2 1 8  2 3 8  2 5 8
Day of Year
Figure 2.10. continued.
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accumulated fewer degree days at all depths than the deepest, coldest wetland sites 
observed at the BP. Thermally, the OBS Fen was more akin to the upland sites, 
particularly the BP Sphagnum Moss site (Figure 2.IOC). The OBS Fen was cooler than 
the BP Sphagnum Moss at 5 and 10 cm, but was virtually identical at the 20 cm level. 
Given that the water tables in these sites were at 10 and 30 cm depth respectively at the time 
of maximum CH4 emissions in August, the 20 cm temperatures suggest that these sites 
possessed a similar soil climate, possibly accounting for the similarity in CH4  flux 
magnitude during this period.
These data suggest that effects of temperature on rates of microbial activity, and thereby 
flux of CH4, should be relatively small in upland sites relative to effects within the wetland 
sites. The absence of a relationship between weekly CH4 flux and soil temperature (r2  =
0.10, 0.16,0.00,0.32 respectively) is observed in the OBS Feather Moss, OBS Lichen, 
OBS Fen Margin Moss and BP Lichen sites. The wettest sites in this study, Le. OBS Fen, 
BP Sphagnum Moss, BP Mire and BP Pond show little relationship between temperature 
and weekly flux (r2  = 0.42, 0 .12,0 .09,0 .04 respectively) (Figure 2 .11A&B). A strong 
correlation between weekly CH4 flux and soil temperature is generally not observed 
suggesting that trace gas fluxes from these sites, the net result o f many processes, are 
controlled by additional factors.
V egetation
The presence of significant quantities of sedges and grasses in the wetland sites of both 
transects imply that these sites could have enhanced fluxes o f CH4  due to stimulation of the 
methanogens by root exudates and/or by enhanced transport from the anaerobic zone to the 
atmosphere through plant conduits as demonstrated by Whiting and Chanton [1992]. A 
study on the effects of vascular plant clipping conducted in the BOREAS Zoltai Fen found 
evidence for such effects at sites where the water table was high [Waddington et a l, 1996].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
A
 y = 5.7244e-05 * e*(1.0917x) R = 0.42077,
 y = 0.35002 * e^O.^gSSx) R2= 0.12134
1 0 0  =CM
E
o>





— • —  Sphagnum Moss 
— » -  - Fen
0.01
0.001




1 0 0 =
0 3




0 3 — ■ - - Pond
3
 y = 6.2767 * eA(0.32136x) Rz= 0.090001 |
 y = 53.416 * eA(0.013969x) F^= 0.040659 :
0.01
0.001
Soil Temperature at 20 cm (°C)
Figure 2.11. Soil Temperature as a Predictor of Flux. (A) Low Flux Sites. (B) High 
Flux Sites. Soil temperature is a poor predictor of CH4  flux on short time scales.
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In our sites, comparison with CH4  fluxes does indeed show that the highest fluxes were 
observed in the same wetland sites, although the range in fluxes spans 3 orders of 
magnitude. This range in flux suggests that plant effects are likely to be a secondary 
determinant o f CH4  flux.
Of greater importance, however, may be the utility that plant community structure 
provides as a proxy for environmental variables that are not as easily measured [Bubier et 
al., 1995a,b]. The consistency of vegetation between analogous sites along the OBS and 
BP transects suggests that the environmental variables of water table, temperature and soil 
substrate, upon which plant distribution and trace gas fluxes depend, may be similar across 
these sites. Overall vegetative cover levels were somewhat higher within the OBS sites 
than at the BP (Figure 2.3). The greater shading of the OBS soil surface this produces may 
account for the lower soil temperatures observed at that site (Figure 2.10A&B). Indeed, 
the similarity in the behavior o f trace gas emissions from analogous sites along the transects 
in this study implies that plant communities can be used as an approximate measure of trace 
gas fluxes as proposed by Bubier et al., [1995a,b].
Trace Gas Budgets
Assessment o f the balance of effects of environmental variables on flux are complicated 
by the spatial and temporal variability seen in trace gas flux measurements. Much of the 
week to week variability within the seasonal flux measurements for both CH4 and COz 
observed in this study can be reduced by calculating the cumulative trace gas flux to the 
atmosphere from each site. This value was calculated by linear interpolation of daily flux 
data from the observed data and summing these values over the course of the field season. 
The BP Lichen site (Figure 2 .12A) is a consistent strong sink for CH4 throughout the 
course of the field season. The OBS Feather Moss, OBS Lichen, and OBS Fen Margin 
Moss sites (Figure 2.12A) are nearly in steady state with respect to CH4 over the course of
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the entire field season. The OBS Fen and BP Sphagnum Moss sites (Figure 2.12A) are 
both in approximate steady state for CH4  until August when deep soils warm to the point 
that both sites become moderate sources of CH4.
A similar analysis of CH4  from the BP Mire and BP Pond sites (Figure 2.12B) reveals 
both sites to be strong CH4 sources. As in the OBS Fen and BP Sphagnum Moss site, late 
season fluxes were particularly important in determining the total source strength o f the BP 
Mire. The OBS Fen and BP Sphagnum Moss CH4  source strengths were 1 and 1.5 times 
that of the BP Lichen sink. The BP Pond and Mire sites support much more vigorous 
fluxes. It would require BP Lichen-type sites to cover 85 to 700 times the area of the BP 
Pond and BP Mire-type sites across the landscape to achieve a net seasonal CH4 flux of 
zero. This indicates that areally restricted hot spots, such as wetlands associated with 
beaver ponds, can be extremely important in determining the overall CH4  balance o f a 
landscape. At the same time, however, the low source strength of very cold wetlands such 
as the OBS Fen suggests that the presence of wetlands does not guarantee high CH4 flux 
rates [Roulet et al., 1994]. An understanding o f the fundamental differences in the 
underlying environmental conditions in these sites is essential to determining the CH4 
budget for a given region.
Analysis of cumulative dark C 0 2  flux from the OBS and upland BP sites (Figure 2.13) 
reveals a more uniform pattern. The bars represent the standard error of the individual 
source data, not the cumulative error. These data suggest that the environmental conditions 
necessary for soil respiration by organic matter degradation and root respiration are similar 
over these sites. Comparison of cumulative soil temperature at 20 cm with cumulative dark 
C 0 2  flux yield linear relationships with slopes (r2) o f 2.28 (0.96), 3.60 (0.92), 4.76 
(0.99), 0.93 (0.99), 1.73 (0.97), and 1.01 (0.94) for the OBS Feather Moss, OBS Lichen, 
OBS Sphagnum Moss, OBS Fen, BP Lichen and BP Sphagnum Moss sites, indicating that 
long term soil temperature is a good predictor of long term dark C 0 2  emission at the 
seasonal scale (Figure 2.14). The differences in slope between sites may reflect different
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Figure 2.12. Seasonal CH4 Budget (A) Low Flux Sites. Cumulative fluxes indicate 
that the BP Lichen is a strong CH4  sink throughout the field season. OBS Feather Moss, 
OBS Lichen and OBS Fen Margin Moss are nearly in equilibrium between CH4  oxidation 
and production. OBS Fen and BP Sphagnum Moss both become moderate CH4  sources in 
August (B) High Flux Sites. BP Mire and BP Pond are both consistent strong CH4  
sources, especially the BP Mire in August Fluxes from BP Pond and Mire are 
respectively 85 and 700 times that per unit area o f the BP Lichen, emphasizing the 
importance o f wetlands as hot spots o f CH4  flux.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56










OBS Feather Moss 
OBS Lichen 




1 2 0 0
1 0 0 C
1 5 8  1 7 8  1 9 8  2 1 8  2 3 8  2 5 8
Day of Year
Figure 2.13. Upland Dark C 0 2  Budget Fluxes from the upland sites are similar and 
consistent in all sites suggesting easy intercomparability over time. Long term soil 
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Figure 2.14. Heat as a Predictor of C 0 2  Flux. Plots of dark C 0 2 flux versus cumulative 
soil temperature indicate varying response to temperature in different sites. The steeper 
slopes indicate higher respiration Q10 values. Seasonal changes in dark C 02  flux due to 
plant maturation and senescence are contained within the plotted data.
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degrees of root respiration or substrate quality and quantity.
Soil Trace Gas Pools
Zones o f oxidation and production were inferred from profiles taken from the OBS 
Feather Moss, Lichen and Fen Margin Moss and BP Lichen and Sphagnum Moss sites 
(Table 2.1). Other profiles show little if any evidence of microbial activity relating to CH4  
cycling. A closer examination o f the flux data indicates that individual collars measured 
concurrently often portray conflicting flux behavior, with low rates of influx and efflux 
present. The presence of zones of subambient CH4 in the profiles did not necessarily 
correspond to observed net oxidation in the collars on a weekly basis. This is not 
inconsistent given the spatial and temporal variability of CH4  oxidation and production that 
have been observed here and in other upland or dry bog sites [Whalen and Reeburgh,
1992; Moosavi et a l, 1996] and adds a degree of uncertainty to the exact balance of CH4 
emissions from a given site. When the small magnitude o f the potential fluxes involved is 
taken into account, however, the importance of this uncertainty is reduced with respect to 
the highly productive wetland sites. Fluxes from the upland sites appear to be largely a 
balance between CH4  production and oxidation.
Soil CH4  profiles from studies o f CH4  oxidation by upland soils are of similar 
magnitude and character to the data collected in the OBS Feather Moss, OBS Lichen, OBS 
Fen Margin Moss, BP Lichen and BP Sphagnum Moss sites. As observed by Crill [1991] 
in a temperate mixed hardwood forest in New Hampshire and Moosavi et al. [1996] in a 
boreal treed low shrub bog in Alaska, upland and drier wetland sites with profiles 
exhibiting declining concentrations of CH4 with increasing soil depth, show modest to high 
rates of CH4  uptake (< 5 mg/m2/d). The profiles and fluxes observed in this study are in 
agreement with these past studies. The strength of the oxidation zone (degree of 
divergence o f the profile from ambient CH4) and continuity of the oxidation zone was less
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in this study than that observed in temperate forest mineral soils [Crill ,1991], but was 
similar to observations [Moosavi et a l,  1996] for a boreal peat bog. The depth o f minimum 
observed CH4  concentrations was somewhat deeper than in Crill [1991]. The 25 cm depth 
was more consistent with data from the treed low shrub bog of Moosavi et al. [1996], 
perhaps reflecting the greater uniformity of soil compaction, porosity and temperature 
regimes of the boreal zone peat soils as opposed to those of the temperate inceptisols o f the 
mixed hardwood forest These data suggest that the upland sites along both the OBS and 
BP transects can be functionally compared to dry wetland and upland soils in the boreal, 
and perhaps temperate, zones.
The high CH4 flux from the BP Mire and BP Pond sites is reflected in the soil pore 
water profiles of these sites. The magnitude of the soil CH4  concentrations in the BP Mire 
and Pond is comparable to that observed in Alaskan boreal wetlands [Moosavi et a l,
1996]. There is a weak but significant correlation between soil CH4 pool size and weekly 
flux rates (Figure 2.14). The overall magnitude of soil CH4 represents a good predictor of 
general flux magnitude (Figure 2.15). The order of magnitude difference in flux rate 
between the BP Mire and BP Pond is not fully reflected in the soil pool, suggesting that 
factors other than simple pool size are significant in accounting for the difference in flux 
rates (Figure 2.6C). The presence of periods of reduced soil CH4  concentration during the 
course of the field season suggest that disturbance of the system might cause periodic soil 
degassing of CH4. Such periodic high flux events may not be captured by weekly 
sampling of fluxes leading to underestimation of seasonal CH4  fluxes. Continuous 
sampling can provide a means for assessing the size of this underestimation. The scale of 
variability in soil CH4 pool size is reflected in the scale of variability in CH4  flux from the 
BP Pond site over the course o f the season (Figure 2.6C).
The OBS Fen and upland BP Sphagnum Moss sites developed moderate levels of soil 
CH4and CH4 flux in August. The BP Sphagnum Moss site differed from the other upland 
sites in that it was the only upland site which developed and sustained soil CH4
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concentrations above ambient While the soil CH4 values were at least two orders of 
magnitude below those observed in the wetlands, they indicate the development of a 
significant level of methanogenesis. The environmental conditions which appear to 
preclude high rates of methanogenesis in the upland sites, Le. deep water table and large 
aerobic zone, were less dominant in this site. The presence of high concentrations of CH4 
in the soil is a prerequisite for significant CH4 fluxes. This condition is especially important 
in the wetland OBS Fen and upland BP Sphagnum Moss sites.
The flux pattern is similar to that seen in May and early June in an open low shrub bog 
in Alaska in 1992 and 1993 [Moosavi et al., 1994,1996]. The Alaskan site gained soil 
CH4 concentrations and efflux over the course of the season of similar magnitude to the BP 
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Figure 2.15. Soil CH4  Pool as a Predictor of Flux. Soil CH4 pool sizes from the BP 
Mire and Pond Sites (top 25 cm o f soil only) are a moderately good predictor o f CH4  flux 
on the seasonal scale.
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timing of the onset of methanogenesis and high fluxes was observed to be dependent upon 
the advent of the spring thaw. This suggests that CH4  efflux from sites containing 
sufficient moisture may experience significant early enhancement or delay in development 
due to changes in soil temperature. Once established, the continuity of high rates of CH4  
flux over the course of the season in the Alaskan case was dependent upon the maintenance 
of a sufficiently high water table. When the water table dropped, CH4  soil pools and flux 
collapsed. Hence, CH4  emissions are dependent upon continuance of favorable moisture 
conditions.
The high water table and graminoid plant communities of the OBS Fen suggest that this 
site should have had high soil CH4  concentrations and to high CH4 efflux throughout the 
season as observed in other open graminoid fens nearby [Bubier et al., 1995a]. Instead, a 
pattern of soil CH4  and flux similar to that o f the BP Sphagnum Moss was observed. The 
failure of the OBS Fen to develop high soil concentrations of CH4  may be due to cold soil 
temperatures which would contribute to the relatively small fluxes measured at the OBS 
Fen compared to the other inundated sites.
The OBS Fen may be an example of wetland site with a high potential flux which is 
inhibited due to temperature limitations. Fluxes only begin to become significant in August 
when soil temperatures have finally begun to warm to levels seen in the early season in 
other wetland sites. The fluxes collapse again in September due to declining atmospheric 
temperatures and insolation. Soil temperatures within the OBS Fen match the cooler low 
and tall shrub fens as opposed to the warmer open graminoid fens in the BOREAS Tower 
Fen complex [Bubier et al, 1995a]. In the BP Sphagnum Moss site the timing of the flux 
might be due to the delay in warming the relatively deep layers of soil where anoxic 
conditions occur. The development of anoxia might be slowed by low rates of respiration 
by roots and organic matter degradation at the cool temperatures at that depth. Again, the 
decline in fluxes in September would likely be the result o f declining atmospheric 
temperatures and the reversal o f heat flow.
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In both the OBS Fen and BP Sphagnum Moss, an increase in soil temperatures could 
increase fluxes substantially by extending the length o f the active season. Using the Q , 0  
value for the OBS Fen of 6.0 from this experiment, one might predict that fluxes from the 
OBS Fen would increase by 245% given the average 5°C shift in temperature regime that 
would be required to match the BP Mire site. Similarly, using a Q , 0  value of 2.7 from core 
incubation experiments [Moosavi, 1994], predicted fluxes from the OBS Fen would 
increase by only 60% given a 5°C shift in temperature. If, however, the entire thermal 
regime shifted, causing the positive CH4  fluxes seen in August to occur in June, the flux 
curve would more closely resemble those reported by Bubier et al., [1995a] from an open 
low shrub rich fen at the BOREAS NSA Tower Fen and Moosavi et al, [1996] from an 
open low shrub bog in Alaska. Both of these sites had fluxes that averaged over an order 
of magnitude greater. Such a response would increase the magnitude of CH4 flux from the 
OBS Fen by a factor o f 20 to 30 to the 40 to 60 mg/m2/d range.
It should be noted that despite the development of modest CH4 efflux during August, 
both the OBS Fen and BP Sphagnum Moss sites exhibited periods with zones of 
subambient CH4  mixing ratios and net CH4 oxidation in the collars. Such behavior 
suggests that oxidation is not necessarily precluded in the highly productive wetland sites in 
which high CH4  efflux rates are typically observed. Rather, oxidation may occur in all 
sites in which CH4  is present [Yavitt et al., 1988,1990; King, 1990; Nesbit and 
Breitenbeck, 1992; Reeburgh et al, 1992; Rask and Schoenau, 1993], but may be masked 
by high production rates [Chapter 4].
The C02 profiles in all sites (Figure 2.5 A-C) suggest that production occurs at all 
depths. The greater concentration of C02  in the wetland profiles could be indicative of 
higher rates of C 0 2  production, due perhaps to elevated rates o f organic matter 
decomposition, slower rates of exchange due to diffusion differences, or to lower rates of 
C 0 2  diffusion out of the inundated wetland soils. The shape of the profiles, with increasing 
C 0 2  concentrations at depth is indicative of a moderate to deep source at depths below 10
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cm. Increases in soil C 0 2  over the course of the field season suggest that COz fluxes do 
not keep pace with production by root and microbial respiration. This lag in emission of 
trace gases is similar to that seen for CH4  [Moosavi et al., 1996] and would be expected to 
cause higher fluxes at the end of the active season relative to production rates at that time. 
No significant relationships were found between the soil pool sizes of C 0 2  and CH4  
suggesting that the production of these trace gases may occur in different zones in the soil 
or are limited by different environmental variables.
Diurnal Experim ent
Examination of the results of the BOREAS Beaver Pond diumal experiment further 
suggests a separation of the primary zones of production for CH4  and C 02. The lack of an 
observable diumal CH4 cycle suggests that CH4 fluxes do not respond to short term 
temperature or substrate changes within these sites. The observed damping of the diumal 
temperature cycle with depth limits diumal temperature effects to the top 10 to 15 cm of 
soil. Given that rates of methanogenesis and methanotrophy have been shown to respond 
exponentially to temperature in boreal and arctic systems [Bartlett et al., 1992; Morrissey 
and Livingston, 1992; Moosavi et al., 1996], including beaver ponds [Roulet et al.,
1992a], the absence of a diumal response to changes in soil temperature suggests that CH4 
flux is either insensitive to short term temperature changes or arises from areas o f the soil 
beneath the region affected by diumal heating and cooling. CH4  production, in particular, is 
likely to occur at depths greater than 2 0  cm as inundated conditions in the upland sites were 
not observed above this depth.
The Lemeta Bog data (Figure 2.9A) suggest the possibility o f a diumal cycle of CH4  
emissions from the Dry and Mat Sites. In the former site, such observations during the 
moist night conditions of the diumal would be in line with observations of increased
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oxidation rates from the Dry Site (treed low-shrub bog) under moister conditions during 
other parts o f the field season.
The lack of a diumal CH4 trend at the Beaver Pond transect is also in contrast to the 
trend observed at the Zoltai Fen [Waddington et aL, 1996]. The difference may arise from 
the greater relative dominance by sedges in the Zoltai Fen and Lemeta Bog’s Floating mat 
Plant effects on flux such as through the contribution of root exudates to the substrate pool 
suggest a substrate co-limitation with temperature in those sedge rich sites which is not 
observed at the sedge poor Beaver Pond. Such a possibility was not examined by these 
experiments, however. Conflicting results on the presence [Chariton et a l,  1993] or 
absence [Yavitt et al., 1993] o f a diumal CH4 cycle in peatlands, as seen in this study, 
necessitate further research to definitively determine whether certain wetland systems 
exhibit a diumal cycle for CH4. The implications for overall CH4  budgets could be quite 
large in some cases if such diumal cycles are present Calculations throughout this thesis 
assume that no diumal effect exists.
The diumal pattern of C 0 2  emissions suggests that factors in addition to the light/dark 
photosynthetic cycle and soil temperature may be at work. Since the opacity of the 
chamber blocks photosynthesis, the effect of temperature on the dark C 0 2  flux appears to 
be delayed by several hours from the period of peak soil temperatures in late afternoon. 
Cooling of the upper soil horizons through the night likely results in the decline in C 0 2 flux 
from reduced respiration. The likelihood of some light penetration of our chambers in the 
floating BP Mire and BP Pond sites is evident from measurements of net C 0 2  uptake 
observed during the afternoon of the diumal and on other bright days. With this data point 
removed, the BP Mire and BP Pond sites show a similar response to the upland sites. The 
absence of a strong correlation between C 0 2 and soil temperature over the course o f the 
field season, however, suggests that factors other than temperature, such as the rate of 
diffusion to the soil surface, create significant variability in C 0 2  emissions at that time 
scale.
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The diel trends in the ambient samples collected from each diumal (Figure 2.8 & 2.9A) 
are consistent with a stable atmospheric inversion forms over boreal wetlands during the 
night. At the Beaver Pond this allowed for the build up of excess CH4  over strong sources 
as has been observed from the Beaver Pond tower [Roulet et al., 1997]. Within Lemeta 
Bog, the excess o f CH4, particularly over the Mat Site is far greater than that which was 
observed at the Beaver Pond. This could reflect the extremely strong inversion observed 
on the evening of the Alaskan diumal. Temperatures near the ground surface were 
observed to be extremely cold due to the formation o f a light frost and heavy dew on the 
mat vegetation. Applying mass balance considerations to the 1.3 ppmv increase in the 
ambient CH4  mixing ratio over the course of 4.5 hours at a flux rate of approximately 
236.4 mg/m2/d (616 |imol/m 2/hr), would require emission of CH4  into a boundary layer 
only 2 meters thick (assuming uniform distribution within this layer). While an overall 
boundary layer- at the surface of the tree canopy at a height o f 1 0  meters is more plausible, 
the observed subsidence and drainage of cool air into the Mat basin may help to account for 
this discrepency.
Interplay of Environmental Controls
The vegetated communities along the OBS and BP transects reflect the differing 
conditions of moisture and temperature observed in these sites. These environmental 
variables have been shown to account for the similarities and differences observed in the 
fluxes of CH4  and C 0 2  from such communities (Moore and Knowles, 1989; Bartlett et aL, 
1992; Roulet et al., 1992b; Moore and Roulet, 1993; Funk et al., 1994; Moosavi et al., 
1996). The effects of vegetation on CH4  and C 0 2  flux through exudation of root substrates 
and transport of trace gases across the water table has similarly been documented by 
Whiting and Chan ton [1992]. The use of such plant communities as rough proxies for
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long term temperature and moisture regime, which determine trace gas emission, has been 
explored by Bubier et aL [1995a,b].
Water table and temperature, despite lack o f significant correlation on short time scales, 
appear to be the primary determinants of CH4  flux. Vegetation type and substrate appear to 
act as secondary or modifying characteristics in determining flux. In upland sites, such as 
the OBS Feather Moss, OBS Lichen, OBS Fen Margin Moss and BP Lichen, CH4  efflux is 
always small, with the presence of CH4  oxidation o f varying strength at all times o f the 
year. The CH4 flux behavior in these sites is consistent with that seen in upland forests o f 
the boreal and temperate zones [Whalen and Reeburgh, 1988,1992; Crill et al., 1991] as 
well as of the driest wetlands such as open and treed, tall and low shrub bogs and fens 
[Bubier etaL, 1995a; Moosavi et al., 1996]. These sites are generally weak sinks for 
atmospheric CH4 because they are too dry to be significant and consistent sources o f CH4. 
The BP Sphagnum Moss site is generally similar in behavior to the upland sites except for 
the transition to a moderate source of CH4  during the latter part of the field season. This 
appears to be due to a somewhat higher water table caused by its proximity to the beaver 
pond combined with warm temperatures. The BP Sphagnum Moss site appears to 
represent an upland site that is slowly being inundated from below by a rising water table.
The wetland OBS Fen, BP Mire and BP Pond sites are all strong potential sources of 
CH4  year round due to high water tables. Only the BP Mire and BP Pond sites were 
observed to be strong sources of CH4. Soil temperatures were sufficiently high to promote 
high rates o f methanogenesis. The high flux rates observed may mask high rates o f  CH4  
oxidation as well. Differences in the quality o f the organic substrate, inputs by root 
exudates from graminoids and plant transport o f trace gases may account for the order of 
magnitude difference in flux between the BP Mire and BP Pond. The OBS Fen represents 
a “failed” source of CH4  due to the limitation imposed by low temperatures. Oxidation is 
observed to occur on occasion at rates similar to that in the uplands. CH4 efflux does
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become dominant in the latter part of the summer when temperatures in the OBS Fen begin 
to warm.
These transects suggest that boreal sites possessing organic soils can be converted over 
time from strong CH4  sources to small CH4 sinks and vice versa. The level o f the water 
table appears to be dominant in determining the CH4 source strength potential. Even small 
changes in the water table in sites like the BP Sphagnum Moss can make the difference 
between a site’s being a source or a sink. The transition zone between the inundated 
conditions of beaver ponds, lakes and wetlands and the surrounding uplands appears to be 
particularly sensitive to such water table changes. Even a slight change in the mean annual 
water Jevel due to changes in evapotranspiration or precipitation could have a strong effect 
on the CH4 emissions from such a system. The extremely high fluxes found in the BP 
Mire, which represents the actual transition from pond to upland, will magnify the effect of 
such water table changes.
Cool soil temperatures such as those produced by shallow permafrost as found under 
the OBS Fen site can prevent high fluxes from inundated sites. The presence o f 
discontinuous permafrost in many boreal regions acts to further complicate assessment of 
CH4  flux by the use o f surface vegetation. Knowledge o f the long term trend in soil 
temperatures and the processes that influence them are crucial to understanding the long 
term potential for these sites to produce CH4. These data suggest that hot spots of 
methanogenic activity such as found in wetlands and the transition zones surrounding them 
may be particular sensitive to changes in local, regional or global climate.
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CHAPTER HI
A Selective Inhibitor Technique for Measuring 
CH4 Oxidation in Wetlands
Abstract
The successful modification and development of a selective inhibitor technique for 
measuring CH4 oxidation for use in wedands reveals that CH4  oxidation in such 
environments is significant. The strengths and weaknesses of the use o f CH3F as an 
inhibitor of CH4 oxidation, the inhibitor’s theoretical mode of operation, and technique 
verification experiments conducted within boreal and arctic wedands in Alaska are 
discussed. Fractional oxidation field measurements collected along a moisture gradient in a 
boreal wedand complex are supported by core experiments from the same sites. The results 
support the premise that CH4  oxidation within wedand environments is more dependent 
upon the quantity o f CH4  available as substrate than on soil moisture, temperature or depth 
to the water table.
Introduction
This chapter discusses the development of a selective inhibitor technique for measuring 
CH4 oxidation in wedands. Experiments crucial to the development of the technique and 
experiments used in verification of the results are also described. In addition, the results of 
CH4 oxidation experiments conducted within our Lemeta Bog field sites and on
67
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Lemeta bog peat cores are analyzed and reported here. Field experiments conducted in wet 
sedge environments on the North Slope are the topic of Chapter 4.
CH4  emissions from natural ecosystems represent the difference between CH4 
production by anaerobic activity by methanogens (source) and CH4  consumption by 
aerobic oxidation by methanotrophs (sink) [Harriss and Frolkmg, 1991; Figure 3.1]. The 
balance between these processes is determined by soil temperature, depth of the aerobic 
zone in the soil as determined by site hydrology, time and duration of ice cover, growing 
season length, availability of nutrients and substrates for microbial activity, the residence 
time of soil air, and the population sizes o f methanogens and methanotrophs. Field 
measurements suggest that boreal and arctic wetlands could be host to significant, though 
largely unrecognized methanotrophic activity.
The described technique attempts to measure oxidation by separating the processes of 
production and consumption using CH3F. Oremland and Culbertson [1992a,b] found that 
the specific inhibitor CH3F, when applied at the appropriate concentration under the 
appropriate conditions, could effectively inhibit CH4 oxidation while leaving production 
unaffected. This allows for comparative measurements of CH4 flux with, and in the 
absence of, CH4 oxidation. The original CH3F technique was applied to upland soils 
dominated by consumption of CH4. These soils possessed deep water tables beneath a 
large stable aerobic zone. The unique characteristics of flooded wetland soils make the 
original protocol inappropriate for work in such environments. In developing our modified 
version of the CH3F technique, I explored the following hypotheses:
1. CH4 oxidation occurs within the surface layers of boreal and arctic wetlands.
2. It is possible to measure wetland CH4  oxidation using the selective inhibitor CH3F.
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Wetland CH4 Cycling Schematic
Measured (Net) Flux = Gross Production - Oxidation















Figure 3.1. Wetland CH4 Flux. Balance between CH4  production and oxidation. Arrow 
width is suggestive of the relative magnitudes o f the fluxes.




Oremland and Culbertson [1992a,b] have shown that specific inhibition of CH4 
oxidation can be achieved without altering trace gas emission regimes through the use of 
the competitive inhibitor CH3 F. The CH3F technique quantifies CH4 oxidation by 
comparing standard flux measurement or net flux (gross CH4 production minus CH4 
oxidation, Figure 3.1) to the gross flux (gross CH4  flux in the absence of CH4 oxidation, 
Figure 3.2) at the same site. The latter condition is achieved by inhibiting CH4 oxidation, 
ideally without affecting CH4 production rates or emission conditions.
CH3F has been found to be a competitive inhibitor o f methane monooxygenase of cell 
cultures of Methylococcus capsulatus by Oremland and Culbertson [1992a,b]. A 
competitive inhibitor acts on an enzyme by binding to the active site preventing the normal 
substrate from binding. A fraction of the normal complex can still be formed, but the ratio 
is dependent upon the relative amounts of the inhibitor and the normal substrate and their 
respective affinities for the enzyme. When concentrations of CH3F fall below the critical 
0.1% value both CH4 and CH3F will be oxidized by methane monooxygenase.
Competitive inhibitors must be used in such a way that the concentration of the inhibitor 
remains sufficiently high to prevent significant amounts of the normal substrate from 
reacting. Such inhibitors also have a definite lifespan in a given site, since consumption 
and or diffusion of the inhibitor is occurring continuously. Long term experiments require 
replenishment o f the inhibitor. Unfortunately, such long term additions tend to skew the 
microbial populations in favor of those that will utilize the inhibitor. This was seen with 
CH3F in cores by Epp, [1993], Oremland and Culbertson, 1992a,b] and in our own work 
described below.
CH3F acts by binding to the active site in the methane monooxygenase enzyme. This causes
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CH4 Cycling in the Presence of CH3F











Figure 3.2. Wetland CH4  Cycling in the absence of CH4  oxidation. CH3F injected into 
the chamber headspace acts as an inhibitor of oxidation, causing 1 0 0 % of production to 
enter the chamber (gross flux).
CH3F to be converted to C 0 2  yielding energy to the methanotroph. Other processes 
affected by CH3F include nitrification, especifically the oxidation of NH4+ to N 02. In 
effect methanotrophs and NH4+ oxidizers can oxidize each others’ substrate. As such, 
CH3F has the potential to inhibit oxidation of both groups of organisms simultaneously. 
Miller et al. [1980] reported that CH3F inhibited nitrification by Nitrosomonas europaea
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completely at headspace concentrations of 1 0 % with partial inhibition present at lower 
concentrations. They also found that CH3F inhibited N20  production via nitrification. 
These effects caused NH4+ levels to increase and N 0 2  and N 0 3' levels to decrease in field 
experiments because nitrification rates were retarded while denitrification continued 
unabated. Flux of N20  was also greatly reduced in these experiments.
As a competitive inhibitor, one of the benefits o f CH3F is that a site can be examined 
over multiple days with both net fluxes (controls) and gross fluxes (inhibited) being 
measured. This assumes that the sites are only inhibited for short periods and are given 
time to dissipate the inhibitor between experiments.
Field Technique
In the original technique developed by Oremland and Culbertson [1992a,b] as 
demonstrated courtesy of Larry Miller, USGS-Menlo Park [personal communication,
1992], normal fluxes were determined using a static chamber method comparable to ours 
[Moosavi et al., 1996; Crill et al., 1988] though the actual chambers were constructed from 
transparent plexiglass and had a much greater surface:volume ratio. Once normal fluxes 
had been determined, the chamber was placed upon the collar for the duration of the 
experiment. CH3F was then injected through long metal tubes into the aerobic soil zone at 
depths of one meter below the collar surface. Injections were made periodically over 24 
hours. The concentration of CH4 and CH3F within the chamber was monitored by making 
small withdrawals with a syringe for analysis on a gas chromatograph utilizing a flame 
ionization detector (FID) operated from within a specially equipped field vehicle. Once 
concentrations of CH3F within the chamber reached the target 1 %, the chambers were 
vented to restore ambient CH4 levels. Standard flux measurements were then performed in 
the presence of CH3F inhibition o f CH4 oxidation.
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While this technique works admirably in upland soils such as the deep aerobic peat soils 
of the Sacramento River delta, it poses a number o f difficulties for those working in 
wetlands. With little or no aerobic zone, injection o f CH3F is limited to the surface or 
extreme near surface. This makes distribution o f CH3F to the subsurface difficult CH3F 
has an extremely high affinity for water, resulting in quick dispersal of inhibitor to the top 
o f the water table. Once there, however, CH3F dispersal by aqueous diffusion is 
extremely slow, preventing effective dispersal much below the water table surface on 
reasonable time scales. The high concentration of CH4 within the soil pore water below the 
water table makes physical disturbance a significant concern. Motion close to chambers 
such as caused by repeated addition of inhibitor has the tendency to cause degassing o f the 
site, flooding the chamber with CH4 and confounding flux measurement efforts. Further, 
the high flux rates usually observed in wetland sites make the long term placement of 
chambers on collars highly undesirable. Besides the confounding effects to CH4 
production through plant root exudation caused by the elimination of photosynthesis in 
darkened chambers, hysteritical asympotic effects on flux with time raise considerable 
question as to the meaning o f long term flux measurements from such environments.
Lastly, the large quantity o f CH3F required in the original technique of Oremland and 
Culbertson [1992a,b] becomes cost prohibitive for large scale field measurements.
In light of these considerations and early trials in Lemeta Bog using the original CH3F 
technique, a modified protocol for use in wetlands was developed. This protocol seeks to 
avoid the major problems associated with the original technique by limiting exposure to 
CH3F and darkened chambers to minimal time periods. Net and gross flux measurements 
are performed over relatively short time periods to prevent excessive disturbance of the 
soil/atmosphere interface caused by prolonged containment of wetland soils under a static 
chamber. As such, it is most effective in wetland soils with water tables at or very close to 
the peat surface. Problems detected within tussock sites likely relate to achieving complete 
inhition in sites with deeper water tables and will be discussed later.
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The final protocol was used on all samples beginning in 1995 (see Figure 3.3 for 
protocol schematic). Samples were collected in 60 ml polypropylene syringes fitted with 
polycarbonate/ nylon stopcocks. On the first day of sampling, a net CH4 flux was 
determined initially for each collar. Samples of chamber air were collected at 60, 64,68,
72 and 76 minutes after lowering of the chamber (five samples per chamber over 76 
minutes). Chambers were removed from the collars for -30  minutes before being placed 
back upon the collars. Pure CH3F was immediately added to the chamber through the 
sampling port to create an atmospheric mixing ratio of -1% CH3F in the chamber 
headspace. Samples for a gross CH4  flux were collected at 60,64, 68,72 and 76 minutes 
after lowering the chamber. All collars were vented upon completion of this flux. 
Chambers were then replaced on the collars for resupply with -1 % CH3F. These chambers 
were left in place for 24 hours. Upon returning to the site the following day, all collars 
were vented for an hour. Two sets of gross CH4 flux measurements separated by 30 
minutes of venting were then performed.
Gas samples are analyzed within 24 hours on gas chromatographs using aflame 
ionization detector (FID) for analyzes of CH4 and CH3F and a thermal conductivity detector 
(TCD) for analysis of C 02. Since no suitable CH3F standard was available, approximate 
CH3F concentrations in samples are monitored with the FID as response for CH3F is 
similar to that of CH4. This enabled us to insure that adequate CH3F concentrations were 
present in the treated chambers.
CH4 fluxes are calculated by regressing the concentration of headspace CH4 versus the 
time of collection [Crill et al., 1988] at the 95% confidence level. Fluxes whose 
regressions are not statistically significant (p< 0.05) are removed. Samples are also 
removed from the data set if evidence of peat degassing due to disturbance (e.g. chamber 
emplacement) is present Such samples have initial concentrations far above ambient and 
either stagnate at high levels or decrease in concentration below that of the initial sample.




2. Wait 60 min.
3. Measure flux (16 min.)
4. Vent chamber
5. Wait 30 min.
6. Replace Chamber
7. Add 1% CH3F to chamber f  M U i —I
i-lj |  | i i
8. Wait 60 min.
9. Measure flux (16 min.)
Figure 3.3. The Wetland CH3F Technique. Net flux (production minus oxidation) is 
measured in Step 3. Gross flux (production with oxidation inhibited) is measured in Step 
9. Oxidation is calculated by subtracting the value in Step 3 from that in Step 9.
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CH4 oxidation rates are calculated by subtracting net flux results from gross flux results. 
Given the inherent variability in all CH4 flux measurements from collar to collar and from 
measurement to measurement at each collar, net flux and gross flux results at a given site 
during a given experiment need to be pooled for this comparison. The CH4  oxidation rates 
obtained by this method are similar to the results of averaging the difference between net 
and gross flux measurements made for individual collars.
Technique Verification
The rest of this chapter describes various experiments used to develop and verify the 
validity of the modified CH3F technique described above. Initial field trials conducted in 
Lemeta Bog in 1992 served to identify soil zones of CH4  oxidation and the behavior of the 
original CH3F technique in wetlands. Experiments conducted on Lemeta Bog peat cores 
collected at the end of 1992 provided further information on the oxidation characteristics of 
the peat in these sites. Simultaneously these core experiments allowed for controlled 
manipulation of the peat environment in the presence of CH3F. These controls provide 
insight into the strengths and limits of CH3F as an inhibitor of oxidation. Further field 
experiments in Lemeta Bog and on the North Slope in 1993 and on the North Slope in 
1995 allowed for further verification of the CH3F technique under field conditions and for 
preliminary measurements of CH4 oxidation to be made within Lemeta Bog.
Field Trials
Lemeta Bog
Initial development of the CH3F technique occured primarily within Lemeta Bog 
alongside experiments to measure the controls on CH4 flux along environmental moisture
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gradients. The discussion within this chapter is focused on those experiments relating to 
the development of the CH3F technique. Full discussion of the transect experiments can be 
found in Moosavi et al., [1996].
Site Description
The field experiment was conducted in a subarctic/high boreal wetland complex, Lemeta 
Bog, in Fairbanks, Alaska (64°53’N, 147°30,W). Lemeta Bog can be divided into 5 
communities reflecting the moisture gradient and sporadic presence of permafrost within 
the soil. Only the peatland communities (dry, wet and floating mat sites) were selected for 
detailed study. The following paragraphs give brief botanical, structural, CH4  soil pool and 
flux information helpful for interpreting the CH4 oxidation field experiments. It should be 
noted that soil CH„ profiles typically observed in the Lemeta Bog from different collars 
within a site on a given date were relatively uniform. Flux, by contrast, displayed far 
greater inter-collar variability within a site. More complete descriptions of these sites and 
their flux charateristics can be found in Moosavi [1994], Moosavi et al., [1996], Luken 
[1984] and Luken and Billings [1985].
The dry site can be thought of as a treed low shrub bog (peat plateau) characterized by 
shallow permafrost, 20 - 70 cm depth, covered by a relatively thin thaw layer. A relatively 
shallow, 1 0  -15 cm, saturated zone was often, but not always, present above the ice layer. 
Mineral soil was not present above a depth of at least 100 cm. The dry site typically 
showed extremely low concentrations of CH4 . Concentrations in the unsaturated zone 
remained at ambient levels until approximately 5 cm above the water table. Concentrations 
of CH4  at the water table were typically below ambient, at times reaching concentrations as 
low as 0.5 ppm. Below the water table, CH4  concentrations increased to levels greater 
than ambient, rising above 10 ppm. This structure, when combined with low flux rates,
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suggests that CH4  production is slow and limited to the saturated region below the water 
table. The transition zone at the water table appeared to be dominated by CH4  oxidation. 
The aerobic zone above the water table appears to lack either significant methanogenic or 
methanotrophic activity, probably due to dryness (Czepiel et a l, 1995). In the dry site 
fluxes were usually below the detection limit Often, some collars in this site would be 
slight emitters of CH4  while others were slight consumers of CH4 . On 5 out of 18 dates in 
1992 and 4 out of 14 dates in 1993 both net production and consumption were measured in 
different collars of the dry site. Fluxes from the dry site never exceeded emission rates of 
5.98 and net consumption rates of 6.21 mg/m2 /day.
The dry site grades into wetter areas dominated by Sphagnum interspersed with 
tussocks of cotton grass (Eriophorum spp.) and Carex spp. The wet site, an open low 
shrub bog, was characterized by moderate thaw depth. The early season permafrost level, 
20 - 30 cm in May, declined quickly below 70 cm by July. The wet site soils were similar 
in appearance to those of the dry site in all aspects save moisture and the addition of the 
roots of Eriophorum and Carex. Profiles in the wet site showed increasing CH4  
concentrations with depth. Unlike the dry site, a zone of net CH4  oxidation, i.e.' 
subambient CH4 concentrations, was not apparent in the profiles. At the water table, the 
concentration of CH4  increased sharply, often by 2 or 3 orders of magnitude. 
Concentrations of CH4  in the saturated zone often exceeded 1% by volume. The structure 
of the CH4  profile tracked changes in the water table over the course of the season. The 
wet site also showed a high degree of spatial variability though fluxes were nearly always 
positive. Only on 2 dates in 1992 were observations of net consumption of CH4  made on
any collars. The strongest net consumption was 2.49 mg/m2 /d. Minimum flux values 
were on the order of 1 to 10 mg/m2/d while maximum fluxes tended to exceed 50 mg/m2/d 
and were often well above 100 mg/m2/d. The highest CH4  emission rate seen from any 
collar in the wet site was 306 mg/m2 /d.
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At the wettest end of the hydrologic gradient lies the floating mat, a floating open 
graminoid bog, dominated by Carex and Sphagnum. The mat site was established in a 
pond-like basin on floating Carex/Sphagnum vegetation. There was no evidence of ice near 
the surface of the mat The mat vegetation itself was not continuous over the entire basin. 
Patches of thin or no vegetation did occur, particularly in the lagg zone along the edges of 
the mat Below the surface, the bright orange/brown peat consisted of decaying Sphagnum 
spp. and the roots of Carex spp. There was no evidence of woody plant tissue except in 
areas where trees had collapsed into the mat Soil CH4 profiles in the floating mat were 
similar in structure to the wet site. The concentration gradient across the water table tended 
to be steeper due to the greater concentration of CH4  in the saturated zone where CH4 
concentrations were always above 1%. As in the wet site, no obvious zone of net oxidation 
was observed. Net CH4  oxidation was never observed in the mat site. Minimum fluxes
from individual collars did fall as low as 5.46 mg/m2 /d, but tended to be in the 50 to 250 
mg/m2/d range and were observed to rise as high as 423.3 mg/m2 /d. Maximum flux 
values in the mat site were nearly always above 1 0 0  mg/m2/day and quite often rose above 
1000 mg/m2 /d. The maximum CH4 flux rate observed in this study was 2909 mg/m2/d.
1992 Experiments
The 1992 Lemeta Bog field season was host to the first experiments relating to the 
development of the CH3F technique. Prior to the start of the field season, it was known 
that CH4 oxidation occurred in drained upland environments. It was unknown whether or 
not such oxidation was a common occurrence in the wetter sites. Our studies quickly 
determined that the dry site behaved much like an upland, with low rates of oxidation. As 
such, our initial development work was focused in this site. Our greatest concern was to 
identify the zone of CH4 oxidation in the soil profile, determine the dispersal behavior of
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CH3F within peatland soils and determine whether or not CH3F injected into such soils 
could inhibit oxidation.
Our initial experiments were conducted with a protocol quite similar to the original 
technique developed by Oremland and Culbertson [1992a,b]. CH3F was injected into the 
headspaces o f chambers which were left in place for twenty-four hour periods prior to 
conducting flux measurements. Profiles of soil CH4 were obtained from within some 
chambers prior to and after inhibition (Table 3.1). These profiles allowed us to identify 
zones of CH4 oxidation and production as well as the dispersal pattern of CH3F.
A typical soil CH4 profile is portrayed contains a number of distinguishing features when 
oxidation is present (Figure 3.4). A line (large horizontal dashed line at 20 cm) separates 
the aerobic soil zone above and the anaerobic soil zone below the water table. 
Methanogenesis is generally limited to those areas below the water table, while 
methanotrophy is possible in the presence of oxygen at or above the water table.
Generally, the soil zone above the water table contains CH4 concentrations close to ambient 
(indicated by the small vertical dashed line at 1. 8  ppmv). A zone of CH4 oxidation is often 
present at the water table itself, appearing as a zone of subambient CH4 conditions (* in the 
figure). CH4 concentrations below the water table generally exceed ambient by large 
amounts. This amount is relatively low within the unproductive dry site. Within a 
productive wetland site such as the floating mat CH4 concentrations below the water table 
would jump to greater than 1 % by volume [Moosavi et al., 1996]. Figure 3.4 also 
portrays the typical dispersal pattern of CH3F within a soil profile after a day of exposure 
to a chamber headspace source. CH3F is most concentrated at the surface of the water 
table, with very slow downward diffusion taking place over time.
Five experiments were conducted within the dry site in late June, early July and early 
August (Figure 3.5). CH4 profiles were taken prior and subsequent to treatment with 
CH3F. On some occasions comparison profiles from a neighboring collar were obtained. 
The progression of CH4 and CH3F concentrations observed is highly indicative of the
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Table 3.1 Dry Site CH4  Oxidation Experiment Profile Data
Depth
(cm)




7/2 7/6 7/7 7/8 8/4 8/5 8/6 8/7 8/8
Collar 7 CH4 Data (ppmv)
0 - - 2.365 - - - - 1.895 - 2.323 1.995 2.261 16.38 2.272
5 - - 38.38 - - - - 2.018 - 2.576 2.982 2.095 2.148 3.149
10 - - 4.216 - - - - 2.237 - 1.857 2.203 8.695 6.590 1.851
15 - - - - - - - 7.108 - 1.946 2.338 17.21 2.093 1.829
20 - - 2.926 - - - - 2.664 - 2.283 2.985 55.69 1.979 2.041
25 - - 3.506 - - - - 12.30 - 3.119 11.26 25.13 2.082 2.855
30 - - 2.464 - - - - 15.27 - 2.210 2.014 0.965 1.470 1.866
35 - - - - - - - - - 3.283 1.009 2.098 1.905 3.350
40 - - - - - - - - - - 2.758 3.855 0.395 9.909
45 2.989 10.61 0.498 14.73
50 - - - - - - - - - - - - 15.14 11.00
Collar 8 CH4 Data (ppmv)
0 1.968 4.838 2.537 1.912 1.872 3.339 1.840 19.42 2.006 1.946 1.671 1.862 1.872 1.837
5 2.121 2.219 - 1.928 1.913 125.4 7.555 2.068 3.156 1.853 1.834 16.73 1.963 1.743
10 9.849 2.098 2.572 1.896 1.943 7.227 2.190 3.454 5.149 2.061 15.88 3.426 2.001 2.228
15 2.163 2.737 5.010 2.179 2.748 10.99 4.190 3.876 8.542 2.043 3.486 3.306 2.371 2.174
20 14.69 3.743 1.192 0.454 0.969 4.723 4.548 77.03 2.722 2.339 7.792 4.296 2.929 11.21
25 - 6.227 17.09 31.17 52.98 21.34 27.72 8.321 96.22 2.442 25.99 12.56 9.297 13.51
30 - 16.17 34.86 39.43 28.16 26.62 13.71 36.43 138.3 2.810 7.451 10.39 14.10 23.06
35 - - - - - - - - - 2.867 18.66 10.93 41.79 16.73
40 - - - - - - - - - - - - 50.74 18.60
45 81.25 11.04
50 80.86
Collar 8 CH,F Data (ppmv)
0 0.391 0.000 0.000 - 24.42 5.153 - 0.000 0.000 - 0.000 - 0.000 0.000
5 0.863 0.000 - - 44.50 4.851 - 0.000 0.000 - 2.470 - 0.000 0.000
10 0.151 0.000 0.000 - 51.85 4.393 - 0.000 0.000 - 5.802 - 0.000 0.000
15 6.039 0.855 0.291 - 110.5 8.258 - 5.148 0.000 - 29.34 - 0.000 0.000
20 0.142 6.336 0.000 - 295.3 9.122 - 114.6 0.000 - - - 0.000 0.000
25 - 1.341 0.000 - 1.674 48.84 - 11.53 1.419 - 256.2 - 46.61 11.41
30 - 0.372 0.000 - 1.280 11.21 - 2.031 0.000 - 36.79 - 27.86 31.89
35 54.38 - 28.22 31.85
40 - 10.23 6.764
45 - 3.705 2.986
50 Trace
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0 9.469 19.075 0.000 547.896 48.191 0.000
5 13.349 74.199 0.000 37.179 480.659 13.171
10 19.486 1867 42.971 865.679 730.484 198.915
15 5019 9671 0.000 6414 8927 -
20 7930 9701 0.000 8383 13527 5.276
25 8256 7757 0.000 12765 9368 10.105
30 8922 15156 0.000 11317 8306 2.552
35 9410 12717 0.000 9839 9498 1.064
40 11950 22947 0.000 12070 36688 0.806
45 10121 42343 0.000 16417 9855 0.377
50 10140 10732 0.000 11578 27835 0.296
55 10149 4096 0.000 11028 15189 0.232
60 10168 19126 0.000 11082 - -
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Figure 3.4. Typical dry peatland CH4  profile (closed circles) exhibiting zones of 
oxidation (methanotrophy) and production (methanogenesis). Typical CH3F dispersal 
pattern (open circles). Water table indicated by dashed horizontal line. Atmospheric CH4 
concentration indicated by dashed vertical line.
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Figure 3.5. Lemeta Bog Dry Site 1992 CH3F Experiments. Soil CH4  and CH3F 
profiles. Experimental collar CH4  profile before treatment (closed squares). Experimental 
collar CH4  profile after treatment (closed circles). Experimental collar CH3F profile (open 
circles). Control collar CH4 profile (crosses). June 25 (a); June 27 (b); June 28 (c); July 1 
AM & PM (d); July 1 PM CH3F (e); July 2 (f); July 6  (g); July 7 (h); July 8  (i); August 4 
(j); August 5 (k); August 5 CH3F (1); August 6  (m); August 7 (n); August 8  (o).
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effects of CH3F on oxidation, especially in cases where the untreated collar does not follow 
the profile change displayed in the experimental collar. Analysis of the effects of CH3F 
was hampered by the competing effects resulting from changes in the site caused by 
changes in the location of the water table, changes in depth to permafrost and rain events.
In the first experiment from June 25-28 (Figure 3.5 A-C), CH3F dispersed quickly 
through the shallow soil profile. Despite its low remaining concentration by June 28, CH4 
concentrations within the soil profile below the water table did appear to rise relative to the 
untreated collar. This phenomenon was not observed in the second experiment (Figure 3.5 
D-F) conducted on July 1 and 2, despite greater retention of CH3F within the soil profile.
The value of this experiment was in its indication that CH3F dispersal to the water table, 
the region where CH4 oxidation appears to be concentrated, appears to occur quickly.
More favorable results were obtained in experiment 3, conducted from July 6 - 8  (Figure 
3.5 G-I), where addition of CH3F caused a relatively flat CH4  concentration curve to 
increase at the water table and at depth over the two days following addition of inhibitor. 
The corelation with CH4  and CH3F at the water table on July 7 is especially noteworthy. 
The CH4 concentrations observed were an order of magnitude greater than during the first 
experiment conducted 1 0  days prior.
The fourth and fifth experiments, conducted from August 4 - 5  (Figure 3.5 J-L) and 
August 6 - 8  (Figure 3.5 M-O), are particularly interesting as they coincided with a rather 
abrupt increase in the thickness of the active layer due to melting of ice following a rain 
event on the night of August 4. Very low CH4 concentrations observed on August 4 had 
increased by August 5. Both the CH3F-treated and unamended collars showed a dramatic 
increase in CH4 concentration, especially at the water table. The increase in CH4 
concentration was twice as great in the treated collar. The level o f the water table rose 
within both collars. Depth to ice also increased over the next few days in both collars, with 
the increase occurring more quickly within the unamended collar. Reapplication of CH3F 
to the treated collar on the afternoon of August 6  allowed for further experimentation. CH4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
concentrations within the treated collar grew substantially larger than those within the 
untreated collar adjacent to it
These experiments suggest that both collars were relatively inactive prior to the rain 
event Addition of moisture and the collapse of the ice table resulted in a an increase in 
CH4  concentration either arising from release of CH4 trapped in the ice or stimulation of 
methanogenic activity within both collars. In the case of the unamended collar, strong 
zones of oxidation were found on August 5 and 7, thereby consuming much of this 
production. Use of CH3F in the amended collar reduced or prevented this oxidation, 
causing CH4 concentrations within the profile to rise to greater levels than in the 
unamended collar.
Two experiments were also conducted within the floating mat These experiments 
determined that exposure to CH3F could cause an increase in the CH4 concentration within 
the soil profile of these flooded, methanogenically dominated sites (Table 3.1b). The 
large magnitude of the concentration changes suggest that oxidation within this site could 
be highly significant.
Observations following the rain event suggest that CH4 oxidation within such sites may 
be highly variable in time due to microhabitat conditions making generalizations from 
infrequent measurements problematic. More generally, despite the rapid dispersal of CH3F 
over the time range of our experiments, inhibition of CH4 oxidation does appear to occur 
even at relatively low CH3F concentrations (10 to 300 ppmv). Given that full inhibition is 
generally not observed below 1% CH3F (10,000 ppmv), it was concluded that experiments 
of shorter duration might be more prudent. Dispersal of CH3F to the soil zones containing 
the highest rates of CH4 oxidation is sufficiently rapid to make shorter duration 
measurements possible. Such short time experiments allow for oxidation to be measured 
without the greater disturbance brought by continuous enclosure of plots within chambers 
and without excessive leakage of CH3F from the region of interest




One of the early field methods of measuring CH4 oxidation attempted involved the 
addition of small doses of 100% CH4 to chamber headspaces. By artificially elevating the 
headspace CH4 concentration by several orders of magnitude, I hoped to determine the 
CH4 oxidation rate by measuring the decline of CH4  with time. Two sets of experiments 
were conducted, in early June and late July. The initial experiment in June appeared to 
yield good results. Thirty ml of 100% CH4  were added to two 14 L chambers on collars in 
the Dry Site. Similiarly, two collars in the mat site each received 70 ml of 100% CH4 in 
69 L chambers. As displayed in Figure 3.6a, CH4 concentrations declined exponentially 
with time as would be expected for oxidation. In the Dry Site diffusion through air-filled 
pore space could also account for some of the decline in CH4  concentrations.
A more extensive experiment was conducted from July 26 to 28 on two collars each 
from the Dry, Wet and Mat sites. 100% CH4 was added in four different concentrations to 
each chamber. Unfortunately, the vast majority of the data obtained did not display linear 
correlations either due to leakage or disturbance of the sites. Those data which were usable 
appear in Figure 3.6b. Again, exponential declines in chamber headspace CH4 
concentrations were recorded. The curve fit data and hypothetical CH4 oxidation rates 
(assuming all CH4 loss is due to oxidation) are recorded in Table 3.2. As discussed in the 
North Slope Field Trials, however, I believe that these data are more indicative of diffusive 
loss from the chambers rather than of oxidation.
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Figure 3.6. Lemeta Bog Spiked CH4 Experiments, Individual Collars. June 1993 (a), 
July 1993 (b).
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Table 3.2. Lemeta Bog Spiked CH4 Experiment Statistics










Dry 0.21 6/1/93 536.5 -0.018931 0.988 268.0 1.57
Dry 0.21 6/1/93 484.4 -0.022304 0.803 267.8 2.03
Mat 0.10 6/2/93 822.8 -0.0077953 0.750 423.2 0.78
Mat 0.10 6/2/93 928.4 -0.03116 0.966 394.8 2.44
Dry 0.07 7/28/93 306.1 -0.088354 0.966 1909.4 4.79
Wet 0.07 7/27/93 566.3 -0.015239 0.909 100.1 1.37
Wet 0.18 7/27/93 520.2 -0.0079611 0.918 728.3 0.81
Mat 0.07 7/26/93 594.8 -0.051879 0.949 192.7 3.72
CH± Oxidation Experiments
During the summer of 1993, three trial runs of the CH3F technique were conducted 
within the Lemeta Bog field sites. Standard flux measurements were performed at a subset 
of our collars for comparison with CH3F amended flux measurements at those same sites. 
As these were the initial field trials of the experimental protocol, significant difficulties 
were encountered. The greatest problem arose from disturbance of the site during 
application of CH3F, resulting in collar degassing and loss of data. Only those data from 
collars at which both the unamended CH4 flux and oxidation inhibited flux were included 
in our results (Table 3.3). The sparcity of data, particularly early in the season, make all 
quantitative conclusions tentative at best The ubiquitous distribution of CH4 oxidation 
within wetlands, however, is quite clearly illustrated (Figure 3.7).
All sites exposed to CH3F exhibited an increase in CH4  flux, either by a decrease in net 
consumption of CH4  (dry site, August), conversion from net consumption to net emission 
of CH4 (dry site, July), or increase in emission rate (wet and mat sites). CH4 oxidation 
rates ranged from less than 1 mg CH4/m2/d in the dry site to greater than 400 mg CH4/m2/d 
in the floating mat (Figure 3.8). When the rate of oxidation was compared with gross CH4  
production as measured by CH3F rather striking results appear (Figure 3.9). Oxidation
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Table 3.3. Lemeta Bog CH4  Oxidation Field Trials
Site Dale Unamended
1993 n Min Mean Max S.E.
Wet 6/8 2 3.46 13.37 23.28 7.01
Mat 6/9 I - 137.3 - -
Dry 7/5 3 -1.35 -0.63 0.70 0.54
Dry 8/2 2 -0.87 -0.79 -0.72 0.05
Wet 8/3 4 20.84 40.76 70.66 9.50
Mat 8/4 2 505.7 506.5 507.3 0.57
Site Date
1993
CH,F Amended Mean %
n Min Mean Max S.E. Oxid. Oxid.
Wet 6/8 2 10.01 34.80 59.59 17.52 21.43 61.5
Mat 6/9 1 - 449.1 - - 311.7 69.4
Dry 7/5 3 24.45 32.57 48.12 6.35 33.20 100+
Dry 8/2 2 -0.93 -0.18 0.57 0.53 0.61 100+
Wet 8/3 4 34.46 74.39 142.0 20.24 33.63 45.2
Mat 8/4 2 823.4 916.0 1008.6 65.48 409.5 44.7
Sites in which oxidation consumes atmospheric CH4  in addition to all locally produced 
CH4, have % oxidation values greater than 100%., i.e. 100+. Fluxes in mg CH4/m 2/d.
was found to completely dominate the dry site, consuming all local CH4  production in 
addition to atmospheric CH4. In the wet and mat sites, normally strong CH4 sources, 
fractional CH4 consumption rates were statistically the same, despite an order of magnitude 
difference in CH4  emissions. Oxidation in June consumed between 60 and 70% o f CH4 
production within these sites. In the drier month of August, oxidation consumed 
approximately 45% of production.
Prior to conducting these experiments, CH4 oxidation was only regularly observed in 
the dry site, where it appeared to be the dominant process. On only two occasions early in 
the 1992 field season had oxidation been observed in the wet site. Use of CH3F inhibitor 
revealed that CH4 oxidation proceeds vigorously in all sites, confirming the hypothesis that 
oxidation can occur in all wetland sites, but is often masked by high production. Indeed, 
the instances of CH4  oxidation observed as wetlands undergo drying [Harriss et aL, 1992] 
represent the transition of wetland sites from dominance by production to oxidation. This 
is the same transition one achieves spatially in moving from flooded sites (mat site) through 
intermediate (wet site) to upland sites (dry site).
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Figure 3.7. Lemeta Bog 1993 CH4  Oxidation Field Trials. Unamended control (CT) 
and CHjF inhibited (MF) fluxes. Bars indicate standard error. Second figure portrays 
only wet and dry site data at a smaller scale. Oxidation is the difference between CT and 
MF flux.
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Figure 3.9. Lemeta Bog fraction of gross CH4 production oxidized before emission. 
Bars indicate standard error expressed as a percentage. Oxidation in the dry site exceeded 
gross production due to consumption of atmospheric CH4.
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Examination of our data reveals some interesting possibilities concerning the controls on 
CH4 oxidation. The July gross CH4  production data observed in the dry site were entirely 
unexpected. During the relatively moist early part o f July, little net CH4  emission was 
observed at the surface despite vigorous CH4 production below the water table. Indeed, 
with oxidation removed, CH4 production rates in the dry site are comparable to those 
observed in the wet site at the beginning of June. The deeper aerobic zone in this site 
enabled the methantrophic population to consume all o f the local CH4 production in 
addition to a small amount o f atmospheric CH4. During August, when the dry site was 
dessicated with no standing water table above the permafrost, CH4 production appears to 
have ceased entirely and net CH4 consumption was limited to <1 mg/m2/d from the small 
atmospheric source. The site would have consumed atmospheric CH4 at the low rate 
observed in upland soils for the entire summer period. This, when combined with the 
1992 observation of an enhanced CH4 oxidation zone within the soil profile following a 
rain event, suggests that methanotrophic activity in drier sites may experience sporadic 
spikes of activity which go largely unnoticed at the surface.
The changes in CH4 oxidation rate along the moisture gradient provide further, 
interesting revelations. Whereas the aerobic zone decreased in thickness from the dry to 
the mat sites, gross CH4 production and CH4 oxidation increased over two orders of 
magnitude along this gradient The mat site, with its static aerobic zone thickness, 
experienced a net increase in total CH4 oxidation over the course of the field season as CH4 
production increased. Increases in the rate of oxidation between June and August could 
not keep up with the increased rate of production over'the same interval. This same trend 
was observed in the wet site despite the increase in aerobic zone thickness from 10 to 40 
cm. These data suggest that CH4 oxidation rate may be determined primarily by the supply 
of CH4  rather than the depth of the aerobic zone as has been previously proposed. This is 
consistent with the observed first-order rate kinetics relating CH4 uptake to CH4 
concentration. Our experiments on the North Slope (Chapter 4) explore the consistency of
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CH4 oxidation across wetlands with a stable, shallow water table. Measurements of CH4  
oxidation over the course of an entire active season or in sites with fluctuating water tables 
await further study to confirm and expand the observations made from the limited data in 
this study.
Given the limitations of our data, it is still possible to propose a relationship between 
aerobic zone thickness (water table), methane production, and methane consumption. CH4  
consumption can occur in all sites in which minimal moisture conditions exist, soil 
conditions are aerobic and a CH4  supply is available. CH4  consumption is limited to a few 
mg CH4/m2/d in upland soils due to the lack of a sufficient CH4 supply from the 
atmosphere due to restricted diffusion rates. Soils which contain large quantities of organic 
substrate and an anaerobic soil zone beneath the water table can create an alternative supply 
of CH4 at depth. In dry soils alleviation of the CH4 shortage by CH4 production below the 
water table or in soil microsites following rain events can supply the methanotrophic 
population with large amounts o f CH4  for the brief periods in which these conditions exist. 
During the intervening periods of low CH4 availability caused by soil dessication, CH4 
consumption remains at the low rate allowed by the diffusion limited atmospheric source. 
When favorable CH4 production conditions persist for sustained periods, as occurs in the 
wet and mat sites, the supply will exceed the methanotrophs’ ability to consume CH4, 
masking their influence. In such situations, CH4 oxidation becomes limited not by CH4 
supply, but by the fraction of CH4 that can be captured by methanotrophs in a given site. 
This fraction appears to be relatively constant within a given site based upon observations 
from the wetter sites in Lemeta Bog and from the North Slope study (Chapter 4).
North Slope
The bulk of the CH4 oxidation experiments conducted on the North Slope are described 
in Chapter 4 and resultant paper. Those experiments relevant to development of the CH3F
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technique are described in this chapter. A complete description of the field sites and 
implications of the experimental results appear in Chapter 4. Table 3.4 lists all experiments 
conducted on the North Slope. Those experiments listed in bold provide supporting 
evidence for the efficacy of the CH3F technique and are described below. Data for the C 0 2 
consistency experiment were derived from all of the 1995 North Slope flux data.
Experiments
Spiked Experiment
Table 3.4. North Slope CH4 Oxidation Experiments
Site Date Year Control
Plots




G m h s.
Plots
Sagavanirklok Wet Sedge 6/25 1993 3 3 2 -
Sagavanirktok Wet Sedge 6/26 1993 3 3 2 -
Sagavanirklok Tussock 6/28 1993 3 3 - -
Sagavanirklok Tussock 6/29 1993 3 3 - -
Sagavanirktok Wet Sedge 
Spiked CH4 Exp. 8/13 1993 3 4 4 _
Sagavanirktok Tussock 
Spiked CH4 Exp. 8/13 1993 3 3 _
Sagavanirklok Wcl Sedge 8/15 1993 3 4 4 -
Sagavanirklok Tussock 8/15 1993 3 3 - -
Toolik Lake Oullct Sedge 8/16 1993 3 3 - 3
Toolik Lake Inlet Sedge 8/16 1993 3 3 - 3
Toolik Lake Tussock 8/16 1993 4 4 - 4
Sagavanirktok Wet Sedge 
Flux Repeatability Test 7/20 1995 6 . .
Sagavanirklok Wcl Sedge 7/21 1995 6 - - -
Sagavanirklok Wcl Sedge 7/22 1995 6 - - -
Toolik Lake Oullcl Sedge 7/24 1995 6 - - -
Toolik Lake Outlet Sedge 7/25 1995 6 - - -
Toolik Lake Oullcl Sedge 7/26 1995 6 - - -
Franklin Bluffs Wcl Sedge 7/27 1995 4 - - -
Franklin Bluffs Wet Sedge 7/28 1995 4 - - -
Sagavanirktok Wet Sedge 7/31 1995 6 - - -
Sagavanirktok Wcl Sedge 8 / 1 1995 6 - - -
Toolik Lake Oullct Sedge 8 / 2 1995 6 - - -
Toolik Lake Outlet Sedge 8/3 1995 6 - - -
Toolik Lake Outlet Sedge 
High CH-,F Dose Exp. 8/4 1995 6 - _ -
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One of my early attempts to measure CH4 oxidation was based upon the model of CH4 
oxidation used in uplands. This technique assumes that diffusion of CH4 into the soil is 
the limiting factor controlling methanotrophic activity. In the spiked CH4 experiment I 
sought to artificially elevate CH4  concentrations in the chamber headspace. The decline in 
headspace CH4  with time would, hence, represent loss of CH4 by soil diffusion and 
microbial oxidation. By comparing the loss rate of CH4 and CH3F into the arctic soil, I 
would obtain not only crucial information regarding the duration of elevated CH3F levels, 
but would also gain a possible independent measure of CH4  oxidation based on the loss of 
the spiked CH4 in control (non-CH3F treated) environments. In the place of CH3F, a dose 
of pure CH4 equal to 0.1 % of the chamber volume was added to the chamber using the 
1993 protocol. The rate of CH4 decline was compared to the rate of CH3F decline in the 
chamber headspace due to diffusion. Assuming that CH3F consumption is insignificant, 
any difference in the rates of decline would be attributable to CH4 oxidation in the spiked 
CH4 experiment. This experiment assumes that biological consumption of CH3F is 
negligible.
Within the Sag wet sedge site, four collars each were analyzed in the control, N+P 
fertilized and P fertilized plots respectively. Similarly, three collars were analyzed in the 
control and N+P plots of the tussock tundra. The spiked CH4 and comparable CH3F data 
are recorded in Appendix J.
CH4 fluxes from the control treatments for the spiked CH4 and CH3F treatments are 
statistically the same, in the range of 1 to 80 mg CH4/m2/d, suggesting identical baseline 
conditions prior to treatment (Figure 3.10a). The situation created under the influence of 
CH4 spiking is drastically different than that created with CH3F (Figure 3.10b). Whereas 
fluxes under the influence of CH3F remain within the same range as those of the controls, 
yielding oxidation rates no greater than 10 mg CH4/m2/d being measured, the calculated 
CH4  loss rates from the CH4 spiking experiment range from 62 to 6000 mg CH4/m2/d.
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Figure 3.10. Spiked CH4 Experiment. Unamended control fluxes from collars used in 
the CH4  and CH3F spiking comparison (A). Comparison of CH4 control fluxes, gross 
CH4  flux under CH3F spiking, and CH4  loss rates under spiked conditions (B). Note log 
scale. Loss rates under CH4 spiking combine diffusional loss and microbial oxidation. 
Decline o f spiked gases (CH4 and CH3F) within static chambers (Q.
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This implies extremely large CH4 oxidation rates until one factors in the diffusional loss 
rate of spiked gases within field settings. As Figure 3.10c portrays, the decline in spiked 
CH4 is statistically insignificant from that for CH3F. Within the wet sedge, both gases 
decline in their respective chamber headspaces at approximately 0.4%/min. In the tussock 
tundra, however, the decline is more than twice this rate, which may account for the 
difficulties experienced in trying to obtain oxidation measurements from tussock tundra.
The results of this experiment suggest that the decline of spiked CH4 under field 
conditions is dominated by diffusional loss and is not a reliable recorder of CH4 oxidation. 
It further raises a significant warning flag regarding the use of inhibitors such as CH3F 
which decline at similar rates. Experiments conducted with such inhibitors must be of 
relatively short duration to insure that adequate concentations of inhibitor remain in the 
aerobic portion of the soil profile. Long term experiments conducted without 
replenishment of inhibitor will not achieve full inhibition of oxidation.
Flux Repeatability Experiment
It was particularly important to determine whether systematic error is introduced into 
flux measurements by conducting repeated measurements on collars over a brief period of 
time. The presence of any trend different from the natural variability observed within 
collars would act to bias our results either in favor of more or less CH4 oxidation 
depending upon the direction of the bias.
The CH3F experimental protocol was followed on five collars at the Sag River wet 
sedge site in 1995 except that ambient air was injected into the chambers instead of CH3F, 
allowing us to determine whether or not repeated fluxes at a given site caused any sort of 
trend in the CH4 emissions. Figure 3.11 portrays consecutive CH4  emissions conducted at 
each collar. The standard error plotted is the standard error of the first and second set of 
observations respectively. While the differences in flux measurements from the individual
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collars are not significantly different, they do suggest a possible negative bias o f 28.66% in 
consecutive flux measurements overall.
Such a negative bias could arise from depletion of a near surface flux reservoir due to 
disturbance of the site by the use of static chambers. Disturbance of CH4  bubbles during 
the first trial is likely to be relatively greater than during the second trial due to the 
increasing difficulty of disturbing soil gases. Additionally, use of the darkened chamber 
inhibits plant photosynthesis, reducing possible stimulation of CH4 emissions through root 
exudation of methanogenic substrates. The presence of this bias was not obvious during 
CH3F inhibition experiments over two days (Figure 3.12). If a bias is present, it will have 
the tendency of reducing the apparent effect of CH3F causing our experiments to 
underestimate the true CH4 oxidation rate. As such, all CH4 oxidation rates reported in our 
work are listed as minimum oxidation rates.
High CELF Dose Experiment
Another consideration in the development of the CH3F technique, identified by 
Oremland and Culbertson [1992a,b] and evident in our core experiments, is the relevance 
of CH3F dose to the efficiency of inhibition of oxidation. While partial inhibitory affects 
are evident at relatively low CH3F concentrations, full inhibition is generally observed 
around 1%. At higher levels, complete inhibition of oxidation is complicated by CH3F’s 
interference with methanogenesis, thereby reducing the source of CH4. An experiment 
was designed to test whether complete CH4 oxidation is achieved at the 1 % dose identified 
for upland soils by Oremland and Culbertson [1992a,b] and what effect a higher dose of 
CH3F, such as might arise unintentionally due to repeated injection of CH3F at site, might 
have. At five wet sedge collars in the Toolik Outlet site, CH4 emissions were measured 
under 1% and 3% CH3F according to the protocols of the CH3F technique. A comparison 
of these data (Figure 3.13) did not find a significant difference between the results using 1
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Sag Wet Sedge Collar
Figure 3.11. Sag River wet sedge flux repeatability experiment. CT1 and CT2 refer to 
consecutive fluxes obtained following the CH3F technique WITHOUT injection of CH3F. 
Error bars indicate standard error of CT1 and CT2 respectively.
Collar
Figure 3.12. Typical reproducibility of CH4 flux data using the CH3F technique. 
Example taken from the Toolik Lake Wet Sedge, 1995. Control flux (CT) measured in the 
absence of CH3F. First flux measurement with oxidation inhibited (MF1) measured the 
same day as the control flux. MF2 and MF3 measured the day after initial measurements.
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Figure 3.13. High CH3F Dose Experiment. CH4  flux measured by the CH3F technique 
using the standard (1%) dose and an experimental high (3%) dose. Bars indicate standard 
error.
and 3% CH3F. However, the slightly greater emissions obtained using 3% CH3F could be 
an indication of incomplete inhibition at the 1% level. This effect, if real, is not large, but 
would serve to reduce the observed CH4 oxidation rate, further reinforcing our caution that 
all CH4 oxidation data reported in our work should be taken as minimum values.
CO. Consistency Experiment
The final field experiment conducted to verify the efficacy of the CH3F technique utilizes 
the C02 data collected during the course of the CH4  oxidation experiments. Throughout 
our experiments, dark C 0 2  data were analyzed from the same syringes as CH4 for several 
reasons. First, the strength of C 0 2  emissions in darkened static chambers serves as a 
measure of the chamber/collar seal by clearly indicating leaking chambers due to complete 
nonlinearity in the C 0 2  data, not to be confused with asymptotic behavior observed by long
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term distrubance of soil COz concentration gradients. Second, dark C 0 2 emissions are o f  
interest as a measure of total ecosystem respiration in the absence of photosynthesis.
Third, as a measure o f respiration, C02  serves as a good tracer to indicate if the ecosystem 
stressed or disturbed. Comparing values for dark C 0 2  emissions from collars in control 
and CH3F amended treatments serves to identify any large scale disturbance to ecosystem 
function caused by the presence of the inhibitor. Our C 0 2  data from the North Slope 
support our belief that the CH3F technique does not have unintended short term disruptive 
effects on ecosystem functioning (Figure 4.9). The error bars represent the range of dark 
C 0 2  fluxes from individual sites. The 1:1 line plotted is the ideal relationship one would 
expect if use of the CH3F technique had no effect on C 0 2  emissions. The data from all 
sites lie well within the range of measurements.
Core Experiments
Objective
To support the development of the CH3F field technique for measuring CH4  oxidation, 
laboratory experiments on the behavior of peat cores to exposure to CH3F were conducted. 
While the dangers of extrapolating results from laboratory peat incubations to field 
conditions are considerable [Moosavi, 1994; Moosavi et a l, 1996], the advantages of a 
more controlled environment during technique development are significant. The primary 
objectives of the core experiments described in this section were:
1 Identify depth zones in the peat with methanotrophic activity.
2. Investigate the response to CH3F addition to identify the optimal dosage level.
3. Investigate the effects of water saturation of peat cores on oxidation from all three 
sites.
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4. Investigate the temperature response of CH4 oxidation.
5. Identify possible problems associated with extended use o f CH3F in peat soils.
Core Collection & Preparation
A total of 12 peat cores (4 from each of the dry, wet and floating mat sites respectively) 
were collected in late August of the 1992 Lemeta Bog field season. The cores were cut and 
extracted using a 10 cm diameter sharpened piece of PVC pipe. The humic, unconsolidated 
nature of the peat in the floating mat made coring in this site somewhat more difficult. The 
peat in the dry and wet sites was more stable and darker in color than that in the mat site 
[Moosavi, 1994]. The cores were withdrawn as a single 50 cm unit, where possible, 
before being cut into 1 0  cm segments in the field.
Once the peat had been partitioned, the moist 10 cm segments were sealed into I qt. 
mason jars for transport to the lab. From the lab the entire collection of cores was 
transported by air freight in an ice filled cooler to the University of New Hampshire. Upon 
arrival at UNH the cores were transferred to a 2°C refrigerator for storage until February. 
Freezing of the cores was avoided to insure the stability of the cores during this dormant 
period. The low temperatures would have allowed some respiration of labile carbon during 
the period of storage as would be expected to occur prior to freezing of active layer for the 
winter.
At the beginning of February, the peat cores were prepared for experimentation by 
ventilation and return to natural moisture conditions for a period of several days under cool 
(2°C) temperatures. Since not all cores could be accomodated at once, cores from the wet 
site were run through the experimental cycle in February and early March. Cores from the 
dry and mat sites remained in storage until the beginning of March.
Cores that would be flooded in the field (wet and mat sites) were kept flooded with 
distilled water to the surface of the core segments. Cores that would be unflooded in the
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field (dry site) were left moist but unflooded. The temperature of the core segments was 
raised slowly (2°C/day) over the course of a week to the required temperature before the 
onset of the various experiments. Wet weights of all core segments were determined at the 
start of experimentation.
Experimental Design
The different core experiments conducted in this study are summarized in Table 3.5.
The premise of these core experiments arises from our current understanding of the balance 
between CH4 oxidation and production within a wetland soil. As portrayed in Figure 3.1, 
CH4 production occurs under anaerobic peat conditions usually associated with soil 
flooding, while oxidation is restricted to aerobic areas of the peat. This effectively restricts 
CH4 oxidation to the portions of the peat profile at or above the water table or associated 
with the aerobic rhizosphere along roots. Since active roots were not present in our cores, 
this last form of possible CH4 oxidation was presumed not be active and was not 
investigated by the core experiments. (This is a significant difference to conditions 
experienced in the field in which use of the CH3F technique does not preclude the 
rhizospheric sink for CH4 or its inhibition by CH3F.)
CH4 profile observations from the field in 1992 suggest that oxidation is most active at 
or just above the water table. The possibility that methanotrophic populations favor certain 
depths in the peat profile (perhaps at or near the seasonal average water table depth) 
suggested that I investigate CH4 oxidation potential with respect to the water table depth in 
the peat profile. This rationale was strengthened by the observed tendency of CH3F to 
accumulate just below the surface of the water table. For CH3F to function effectively as 
an inhibitor of CH4 oxidation [Oremland and Culbertson, 1992a] maintainence of a 
concentration of about 1% in the zone of oxidation is considered crucial. As in the field, 
CH3F applied to the jar headspace must diffuse into the relevant soil microsites. Our
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Table 3.5. Lemeta Bog Core Experiments and Experimental Conditions
Lemeta Bog Core Days Dates Mean MoisL Peat Cores by Site (n)
Experiment (n) (1993) Temp. Status Dry Wet Mat
Temperature Response
Control 1 2/18 2 Flood - 4 -
Control 1 2/19 5.6 Flood - 4 -
Control 3 2 /2 0 -2 / 2 2 10.3 Flood - 4 -
CH3F 1 2/26 10.3 Flood - 4 -
CH,F 3 3/1-3/3 19.8 Flood - 4 -
CH3F Dose Effect
Low CH3F 3 3/13-3/15 19.4 Diy - 4 -
High CH3F 3 3/12, 16-17 19.4 Dry - 4 -
CH4 Oxidation ~10UC
Control 3 4/4-4/6 10.5 Flood 2 - _
CH3F 3 4/7-4/9 10.5 Flood 2 - _
Control 3 3/20-3/28 1 0 . 0 Dry 4 - _
CH3F 3 3/23-3/31 1 0 . 0 Dry 4 - _
Control 3 2 /2 0 -2 / 2 2 10.3 Flood - 4
CH3F 1 2/26 10.3 Flood - 4 _
Control 3 3/5-3/8 9.3 Dry - 4 -
CH3F 3 3/9-3/11 9.3 Dry - 4 -
Control 3 3/20-4/6 1 0 . 1 Flood - - 3
CH,F 3 3/23-4/9 1 0 . 1 Flood - - 3
CH4 Oxidation ~ 20UC
Control 3 4/4-4/6 21.9 Flood 2 - -
CH3F 3 4/1-419 21.9 Rood 2 - -
Control 3 3/20-3/28 21.7 Dry 4 - -
CH3F 3 3/23-3/31 21.7 Dry 4 - -
Control 3 3/20-4/6 2 1 . 8 Flood - - 3
CH,F 3 3/23-4/9 2 1 . 8 Flood - - 3
technique provides this opportunity in the restrained environment of the jar.
Our experimental design seeks to investigate CH4 oxidation both above and at the water 
table by recreating water table boundary conditions within each core segment [Figure 
3.14]. Experiments in moist but unflooded core segments represent conditions that might 
be observed above the water table in the dry or wet sites during all but the most dessicated 
conditions. CH4  production occurs within anaerobic microsites or below the water table (at 
the base of the jars). Oxidation occurs throughout the peat profile in aerobic microsites. 
Experiments in the flooded cores recreate conditions at and below the water table where 
oxidation appears to be strongest. The headspace above the flooded core represents the 
atmosphere in this case. By examining CH4  oxidation in the 10 cm segments, I were able
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Figure 3.14. Core experiment schematic. All samples collected were analyzed as 
described by FED and TCD gas chromatography. This diagram portrays water table at peat 
surface.
to examine the hypothetical effect on oxidation of a water table located at different depths. 
Note that experiments under unflooded conditions were not conducted in the mat cores
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since this floating environment presumably does not see unflooded conditions under 
normal circumstances.
AH experiments were conducted at both low and high temperatures to investigate the 
effect of temperature. The base line temperature experiment conducted on the wet cores 
was intended to insure that the cores were behaving in accord with previous core 
experiments [Moosavi, 1994].
Lastly, a major concern identified in the field and experienced during these experiments 
is the difficulty o f  controlling the dispersal and microbial consumption of CH3F in peatland 
environments. Slow diffusion of CH3F through aqueous media argues for long incubation 
times while microbial consumption and the effects on the methanotrophic population due to 
the addition of the large quantity of CH3F substrate argue for minimizing incubation times. 
These experiments were conducted under continuous exposure for 72 hours periods (3 
days X 24 hrs), similar to the field technique of Oremland and Culbertson [1992a]. The 
difficulties observed in maintaining CH3F concentrations throughout this experiment and 
especially during the CH3F dose experiment were crucial in devising the short duration 
time utilized in the final field technique laid out in this chapter.
Technique
The experiments conducted were based on a similar premise to a static chamber 
technique [Crill et al., 1988]. Changes in the headspace concentration of CH4 within a 
particular core segment were compared directly under varying conditions of temperature, 
core flooding, and CH3F concentration.
Figure 3.14 portrays the experimental apparatus. The 10 cm peat segment is contained 
within the bottom 3/4 of a 500 ml mason jar. The jars were kept sealed during the course 
of experiments with the exception of a 1 cm diameter silicon septa placed in a hole in the
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lid. This septa could be removed to allow for jar headspace exchange at the start o f each 
wave of experiments.
While this approach does not yield clear quantitative measurements of CH4 production 
or oxidation, it does yield information on the relative effects under investigation in this 
experiment This approach avoids the difficulties of accurately determining jar headspace 
and peat volumes in the experimental apparatus. Since the response within each core is 
being made relative to itself, any errors are subtracted out, allowing for comparison within 
each core segment
Temperature within the jars was controlled in two ways. Low temperature cores, i.e. 
those < 15°C, were maintained within 1°C of the required temperature in a temperature 
controlled water bath. The high temperature cores near ambient lab temperature (~20°Q  
were stored within an unrefrigerated cooler. While use of temperature controlled bath for 
these cores would have been preferable, space constraints forced this compromise.
Keeping the cores within the cooler minimized short term fluctuations of temperature in the 
jars. Temperatures within the bath and cooler were monitored on a daily basis.
In experiments under flooded conditions, the jar was filled wifh deionized water to 
within 3 cm of the jar lid, thereby covering the peat. This case simulates conditions below 
the water table. In unflooded experiments, the peat remained moist due to capillary action 
from a reservoir of deionized water in the bottom 1 cm of the jar. This case simulates 
conditions in the aerobic zone above the water table.
Treatment Regimes
At the start of each experimental treatment at a given set of temperature and moisture 
conditions, all jars were sealed with the septa removed to allow the cores to equilibrate to 
the experimental conditions for 24 hours. The following day, the septa were placed in the 
jar lids to begin the first set of incubations. Incubations were conducted in three 24 hour
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periods under control conditions. After each 24 hour period of incubation, pairs of  
headspace samples, each of 5 ml volume, were withdrawn through the septa. These 
samples were analyzed for CH4 and C02  concentration on a Shimadzu 14A FID and TCD 
gas chromatograph respectively [see Chapter 2; Moosavi and Crill, 1997 , for analytical 
details]. At the conclusion of the each day’s sampling, the jar headspaces volumes were 
replaced with 1 0  ml each of ambient lab standard (bottled) air to restore oxygen supply. 
The C02  values within each jar were monitored to insure that oxygen remained available 
within the jar headspaces. Values were rarely seen to rise above several percent C 02, 
values consistent with those observed just above the water table in our field sites. In cases 
where oxygen became depleted, the septa were removed to replenish the oxygen supply 
before being resealed. The CH4  concentration data from this 3 day regime were integrated 
to obtain a CH4  concentration control value for these conditions.
Upon completion of 3 sampling days under the control regime, the septa were removed 
to allow for thorough ventilation of the jar headspaces. With the jars reset, the septa were 
replaced and 1% CH3F (5 ml) was injected through the septa. The cores were then 
incubated and sampled for three 24 hour periods as in the control run. In addition, the 
CH3F headspace concentration was monitored with the FID. Cores that had to be 
completely vented to restore their oxygen level had the CH3F level replaced upon resealing. 
At the conclusion of the CH3F run, data from the 3 day regime were integrated to obtain a 
value for CH4 concentration with oxidation inhibited. The cores were again ventilated and 
had their moisture and temperature conditions modified as appropriate to begin the next set 
of incubations.
The temperature and CH3F dose experiments conducted in the wet cores followed a 
somewhat different regime in terms of number of days under each temperature and 
treatment The structure is similar however as indicated in Table 3.5.
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Upon conclusion of all experiments, the core segments were dried for a week in an 
80°C drying oven. All CH4 concentration data were normalized to the dry weight of each 
core segment to allow for direct comparison between cores and core segments.
A nalysis
To facilitate a meaningful analysis of the large number of core segments with the 
variability of response inherent to such experiments, data were aggregated for the 
individual depths and cores to obtain average values for CH4  concentration with and 
without inhibitor, CH3F concentration, stimulus factor and CH4  oxidation. The stimulus 
factor used in these experiments is a measure of the relative effect on CH4 concentration of 
a particular treatment, i.e. temperature increase or addition of CH3F, compared to the base 
value (temperature or uninhibited CH4 concentration). CH4 oxidation is the percentage 
increase in CH4 concentration under inhibition as compared to the control value. In cases 
of data aggregation, the CH4 oxidation percentage is the average of the percentages of the 
individual cores.
Temperature Experiment
Building on previous temperature response work in Lemeta Bog peat cores [Moosavi, 
1994], the increase in [CHJ in the jar headspace of flooded cores from the wet site was 
examined. CH4 production in unamended cores was measured at 2.0, 5.6 and 10.3°C. 
Experiments were conducted for 1, 1 and 3 days at the respective temperatures. CH3F was 
then added to all of the cores. CH4 production measurements were conducted at 10.3 and 
19.8°C for 1 and 3 days, respectively. The different experiment lengths arise from 
experimental scheduling difficulties during this period. The results are summarized in 
Appendix I and Table 3.6 .













Table 3.6 CH3F Temperature Experiment
Unamended Controls 2 - 10.3°C
Core 2UC S.E. 5.6°C S.E. 10.3UC S.E.
Segment [CH4] [CHJ [CHJ
ppm ppm ppm
0 - 1 0 0.33 0.17 0.30 0 . 1 0 0.26 0.06
1 0 - 2 0 0.16 0.07 0 . 1 0 0 . 0 1 0.24 0 . 1 0
2 0 -3 0 0.31 0.27 0.29 0.24 0.27 0 . 2 2
3 0 -4 0 0.18 0.15 0 . 1 0 0.05 0.09 0.03
4 0 -5 0 0.31 0 . 2 0 0.95 0.91 3.02 2.98
Mean 0.26 0.17 0.34 0.26 0.77 0 . 6 8
Methyl Fluoride Amended 10.3 - 19.8°C
Core 10.3°C CH3F 19.8UC CH3F Temperature 10.3UC Inhibitor 19.8UC Inhibitor
Amended Amended Stimulus Factor [CH,F] [CH,F]
Segment [CHJ S.E. [CHJ S.E. c h 4 S.E. % S.E. % S.E.
ppm ppm
0 - 1 0 0.43 0.18 3.23 1.70 3.26 1.67 0.47 0 . 0 1 0.34 0.10
1 0 - 2 0 . 0.71 0.44 3.13 0.57 8.57 3.79 0.50 0.13 0.30 0.14
2 0 -3 0 0.95 0.67 3.31 1.71 7.60 3.82 0.65 0.25 0.38 0.17
3 0 -4 0 0 . 2 0 0.14 0.64 0.41 11.07 8.65 0.47 0 . 2 2 0.25 0.07
4 0 -5 0 25.90 18.02 37.84 36.64 2.19 0.74 0.25 0.25 0.45 0.27
Mean 5.64 3.89 9.63 8 . 2 1 6.54 3.73 0.47 0.17 0.34 0.15
Notes: Measurements for core segments 1 - 40 are the average of Cores A-D.
Measurements for core segment 40 - 50 are the average of Cores A and C only.
All CH4 concentrations reported in ppm CH4/g dry wt. of peat.
CH3F concentrations reported in % headspace volume.
All cores were taken from the wet site and flooded as described in the procedures section.
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In analyzing these data, the unamended control cores and CH3F amended cores were 
analyzed separately before being combined with a correction factor. This step was 
necessary due to contamination and loss of data from the necessary counterparts to these 
particular experiments. CH4  headspace values for the CH3F amended cores were corrected 
downward to restore the effects of oxidation by dividing through all values by the stimulus 
factor calculated by comparing control and CH3F treatments at 10.3°C in the flooded wet 
cores. This calculation assumes that the stimulus factor that would have been measured at 
19.8°C would have been equivalent to that at 10.3°C.
Reaction rate constants, QI0, and activation energy values (Ea) were calculated for the 
unamended controls, CH3F amended cores and the combination control and amended cores 
using Equations 3.1-3.3. CH4  production responds exponentially to temperature 
(Figure3.16) in all cases. However, the exact response did vary somewhat as indicated by 
the Q10 values (Table 3.7). The unamended controls showed double the response (Q I 0  =  
3.78) to temperature compared to that seen in the CH3F amended cores (Q10 = 1.76). 
However, since both of these values compare well with the Q I 0  value of 2.83 (range 1 - 
7.65) [Moosavi, 1994] previously observed in this site and given the sparsity of the data, 
the data sets were combined after making the correction for CH4  oxidation in the 19.8°C 
data. This yields a combined curve (Figure 3.15C) with a Q ) 0 value of 2.55 (range 2.37 - 
4.63). The activation energies calculated from all of the data were narrowly constrained 
between 66.5 and 71.1 kJ/moIe suggesting that no detectable difference in temperature 
effect could be attributed to the use of the CH3F inhibitor. A more thorough experiment 
should be conducted to investigate the possibility of such an effect as it is possible that the 
lower Q,0’s obtained with CH3F, if real, represent inhibition of methane production by the 
presence of CH3F as can occur at higher concentrations.
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Table 3.7 Core Temperature Experiment Equation Terms
Treatment Core Y-Intercept Rate Constant Rz Qin Ea
Control 2 - 10UC A 0.3875 0.13202 0.980 3.74 67.6
B 0.0464 0.12729 0.727 3.57 67.9
Mean A -D 0.1847 0.13295 0.976 3.78 67.6
CH3F 10 - 20UC A 7.2487 0.04388 1 1.55 71.1
B 0.0533 0.18813 1 6.56 66.5
Mean A -D 3.1577 0.05632 1 1.76 70.3
Combined 2 - 20°C A 0.4901 0.08623 0.911 2.37 69.0
B 0.0406 0.15319 0.992 4.63 67.1
C 0.0612 0.09649 0.933 2.62 6 8 . 6
D 0.0918 0.10914 0.889 2.98 6 8 . 2
Mean A -D 0.2259 0.09374 0.944 2.55 68.7
Notes: Ea reported in kJ/mole.







= Y- Intercept 
= Rate Constant 
= Temperature
(ppm CH4/g dry wt. peat) 
(ppm CH/g dry wt. peat) 
(1/°C)
(°C)
Equation 3.2: Calculation of Q ] 0  values.
QI0 = ekt
Equation 3.3: Calculation of Activation Energy Values.
Ea = -RT(ln(k/A))
where: Ea = Activation Energy 
R = Ideal Gas Constant 
T = Absolute Temperature 
k = Rate Constant 





CH.F Dose Effect Experiment
The wet site cores were exposed to CH3F for the longest duration due to the temperature 
experiments conducted at the beginning of testing. This caused unique problems with the 
inhibitor in the final week of analysis. Prior to this last experimental run, CH3F

























Figure 3.15. Peat core temperature experiment. Headspace CH4 concentration versus 
core temperature from flooded wet site cores after 24 hour incubations. Unamended 
control treatments at 2 to 10.3°C (A). Data from A combined with measurements under 
CH3F amendment at 10.3 and 19.8°C, indicated by the filled symbols (B). Note the jump 
in magnitude between unamended control and CH3F amended treatments. All temperature 
data after correction of 19.8°C values for the CH4  oxidation stimulus factor at 10.3°C (C). 
The exponential relationship between temperature and CH4 production is indicated by linear 
curve fits with a y -axis log scale. Cores C and D are omitted in the first two figures for 
clarity. Curve fit data appear in Table 3.6.
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concentration levels within the jars did not decline rapidly during experimentation. In this 
final run, CH3F levels dropped greatly from day to day, presumably due to CH3F 
consumption by the soil microbiota. Alleviation of this previously unobserved 
consumption required unscheduled additions of inhibitor following each day’s 
experiments. The magnitude of the additions should have caused CH3F concentrations 
within the jar headspaces to rise greatly above the 1% target level. This did not occur, 
though by the end of the week daily additions of 3-4% CH3F were sufficient to result in 
CH3F concentrations remaining on the order of 0.4% by the following day.
This unplanned experiment points to one of the great pitfalls of selective inhibitor 
exposure in the microcosms, the adaptation of the soil microbiology to a new substrate. 
Under certain circumstances CH3F can become a substrate for microorganisms. The 
sudden high loss rate of CH3F (coinciding with reduced CH4 levels) suggests that 
continuous exposure to high levels of CH3F in these cores caused the population of CH3F 
consuming microorganisms to rise to abnormally high levels. The CH3F conditioned cores 
were then able to consume CH3F on the day to day basis of our experiments. Cores whose 
microbiology has been so altered are not of great use in making assessments o f a site’s 
natural ability to oxidize CH4. They do, however, provide justification for minimizing the 
duration o f exposure to CH3F in field conditions.
These experiments can also provide insight into the relationship between CH3F dose and 
CH4 response. Figure 3.16 tracks CH4 and CH3F levels within the different core segments 
under “low” and “high” inhibitor levels (Table 3.8) observed before and after the increase 
in daily CH3F additions respectively. The data track quite well, suggesting that lull 
inhibtion within our cores may not be present at the lower inhibitor levels observed in many 
cores. A plot of CH3F versus CH4  concentration (Figure 3.17) is similarly most revealing 
in this regard. These data suggest that many of the microcosms within this study may not 
have experienced complete inhibition of oxidation. As such, the fractional oxidation levels 
reported in the next section should be interpreted as minimal values.
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Table 3.8. Effect of CH3F Dose on Methane Oxidation at 19.4°C.
Core Low CH,F Amended High CH,F Amended Stimulus Factor
Segment [CHJ S.E. [CHJ S.E. c h 4 S.E.
ppm ppm
0 - 1 0 1 . 8 6 1.06 3.71 2.15 1.78 0.19
1 0 - 2 0 0.49 0.28 3.43 2.56 5.09 1.37
2 0 -3 0 0.29 0.04 1.90 0.65 7.62 3.08
3 0 -4 0 0 . 2 1 0.07 0.85 0.41 3.30 0.92
4 0 -5 0 0.48 0.30 0.70 0 . 1 2 . 2.13 1.09
Mean 0.67 0.27 2 . 2 2 0.56 3.98 2.15
Core Inhibitor [CH,F] Inhibitor [CH,F] Stimulus Factor
Segment % S.E. % S.E. CH,F S.E.
0 - 1 0 0.1509 0.1077 0.4240 0.1563 5.15 1 . 1 1
1 0 - 2 0 0.0171 0.0074 0.1605 0.0577 10.70 4.33
2 0 -3 0 0.0109 0.0038 0.2015 0.0939 18.62 9.88
3 0 -4 0 0.0118 0.0053 0.1215 0.0574 11.32 6.28
4 0 -5 0 0.0075 0.0031 0.0496 0.0254 9.65 7.37
Mean 0.0396 0.0249 0.1914 0.0566 11.09 1.94
CB^ Oxidation Experiments
The bulk of the CH4 oxidation data obtained from the core experiments are summarized in 
Table 3.9 and Figure 3.18. These experiments assume that increased headspace CH4 
concentrations arise from inhibition of oxidation by CH3F. Cores from all 3 sites were 
compared in the vicinity of 10°C under flooded conditions. In addition, the response 
obtained at 20°C was observed for the dry and mat sites. These conditions represent 
observed field conditions within the wet and mat sites and plausible conditions within the 
dry site during spring runoff or under a wetter climate regime. Core response under 
unflooded conditions was examined in the dry and wet sites as these are more 
representative of natural conditions in the former site and are plausible for-the latter site in 
dry years or late in the field season.
The potential for CH4 oxidation was found in all peat core depth segments down to 50 
cm from all 3 sites regardless of whether or not a site was kept in a flooded or unflooded 
state. No consistent pattern regarding the strength of CH4 production or oxidation was 
visible relating to depth within the peat profile. This suggests that CH4  oxidation is
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Figure 3.16. CH3F dose experiment under conditions of extremely high CH4 oxidation. 
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Figure 3.17. CH3F dose experiment: Headspace CH3F versus headspace CH4
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Table 3.9. Core Experiment Summary Data
Dry Site - Unflooded Cores
Low Temperature Core Experiments - Cores A - D
Core Control CHj CH,F Amended Inhibitor fCH,Fl Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH. S.E. % S.E.
0 -1 0 1.08 0.19 1.52 0.35 0.85 0.30 1.48 0.33 21.53 15.44
10-20 0.86 0.24 1.22 0.42 0.69 0.22 1.35 0.18 20.75 10.88
20-30 0.67 0.10 0.83 0.10 0.82 0.37 1.28 0.05 20.40 2.81
30-40 0.51 0.04 0.72 0.09 0.66 0.27 1.43 0.11 27.98 5.87
40-50 0.61 0.21 0.80 0.23 0.72 0.27 1.38 0.08 26.15 3.48
Mean 0.74 0.16 1.02 0.24 0.75 0.29 1.38 0.15 23.36 7.70
High Temperature Core Experiments - Cores A - D
Core Control CH4 CH,F Amended Inhibitor fCH,Fl Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH4 S.E. % S.E.
0 -1 0 1.02 0.20 1.24 0.22 0.96 0.28 1.23 0.05 18.63 3.34
10-20 0.66 0.13 0.78 0.15 0.93 0.34 1.20 0.09 16.40 5.69
20-30 0.51 0.15 0.83 0.20 0.71 0.25 1.78 0.28 39.35 7.63
30-40 0.43 0.12 0.66 0.07 0.79 0.25 2.33 1.07 29.55 22.31
40-50 0.54 0.19 0.88 0.32 0.90 0.36 1.75 0.40 34.68 11.67
Mean 0.63 0.16 0.88 0.19 0.86 0.30 1.66 0.38 27.72 10.13
Dry Site - Flooded Cores
Low Temperature Core Experiments - Cores C, D
Core Control CH4 CH,F Amended Inhibitor fCH,F] Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH„ S.E. % S.E.
0 -1 0 1.15 0.40 1.44 0.52 0.54 0.18 1.25 0.05 19.35 1.65
10-20 0.51 0.20 0.56 0.20 0.20 0.04 1.15 0.05 1 1 . 0 0 3.40
20-30 0.76 0.09 1.00 0.22 0.74 0.60 1.30 0.10 22.10 7.70
30-40 0.57 0.01 0.64 0.00 0.47 0.16 1.10 0.00 1 1 . 0 0 0.00
40-50 0.83 0.37 0.93 0.51 0.37 0.09 1.05 0.15 4.10 13.20
Mean 0.76 0.21 0.91 0.29 0.46 0.21 1.17 0.07 13.51 5.19
High Temperature Core Experiments - Cores A, B
Core Control CH4 CH,F Amended Inhibitor rcH,Fi Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. c h 4 S.E. % S.E.
0 -1 0 0.68 0.12 0.92 0.16 1.13 0.04 1.40 0.00 26.65 0.25
10-20 0.96 0.08 1.25 0.01 1.31 0.27 1.30 0.10 22.80 5.60
20-30 0.57 0.16 0.63 0.15 0.54 0.20 1.15 0.05 10.50 4.00
30-40 0.44 0.03 0.63 0.07 0.98 0.18 1.45 0.05 29.80 2.80
40-50 0.43 0.00 0.62 0.04 0.82 0.33 1.40 0.10 30.35 4.45
Mean 0.61 0.08 0.81 0.08 0.95 0.20 1.34 0.06 24.02 3.42
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W et Site - Flooded Cores
Methane Oxidation at 10.3°C - Cores A - D
Core Control CH„ CH,F Amended Inhibitor fCHJFl Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CHj S.E. % S.E.
0 -1 0 0.26 0.06 0.43 0.18 0.47 0.01 1.81 0.57 25.67 24.22
10-20 0.24 0.10 0.71 0.44 0.50 0.13 2.79 0.64 56.00 13.44
2 0 -3 0 0.27 0.22 0.95 0.67 0.65 0.25 5.42 2.71 64.80 14.26
3 0 -4 0 0.09 0.03 0.20 0.14 0.47 0.22 1.98 0.79 23.23 29.84
4 0 -5 0 3.02 2.10 25.90 25.49 0.25 0.25 9.42 0.84 89.25 0.95
Mean 0.77 0.50 5.64 5.38 0.47 0.17 4.28 1.11 51.79 16.54
Wet Site - Unflooded Cores 
Methane Oxidation at 9.3°C - Cores A - D
Core Control CH., CH,F Amended Inhibitor ICHJF1 Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH, S.E. % S.E.
0 - 1 0 0.33 0.24 0.39 0.25 0.21 0.12 1.36 0.11 24.9 6.2
10-20 0.27 0.12 0.73 0.53 0.08 0.03 1.89 0.67 31.4 15.5
20 -30 0.15 0.03 0.29 0.10 0.05 0.02 1.85 0.17 44.6 4.4
30 -4 0 0.11 0.03 0.31 0.15 0.13 0.07 2.49 0.58 52.2 11.1
4 0 -5 0 0.35 0.15 0.44 0.23 0.07 0.03 1.40 0.22 26.7 11.5
Mean 0.24 0.11 0.43 0.25 0.11 0.05 1.80 0.35 36.0 9.7
Mat Site - Flooded Cores
Low Temperature Core Experiments - Cores E, F, H
Core Control CHj CH,F Amended Inhibitor fCH,Fl Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH. S.E. % S.E.
0 - 1 0 12.44 5.64 28.25 14.38 0.43 0.15 1.86 0.53 35.77 19.91
10-20 62.38 26.14 61.17 26.11 0.61 0.53 1.13 0.29 -1.60 26.21
20 -30 199.61 180.47 268.99 86.29 1.01 0.22 12.26 6.72 25.87 68.04
30 -40 174.38 139.96 216.19 67.79 0.74 0.04 3.28 1.57 35.53 40.02
40 -5 0 344.32 295.91 261.14 121.44 0.72 0.27 2.90 1.39 16.43 57.04
Mean 158.63 129.62 167.15 63.20 0.70 0.24 4.28 2.10 22.40 42.25
High Temperature Core Experiments - Cores E, F, G
Core Control CH* CH,F Amended Inhibitor fCH,F] Stimulus Factor Oxidation
Segment ppm S.E. ppm S.E. % S.E. CH. S.E. % S.E.
0 - 1 0 9.30 7.01 54.85 40.71 1.02 0.40 5.34 0.95 79.80 4.20
10-20 204.33 100.76 266.92 122.90 0.55 0.26 1.53 0.56 15.63 27.93
2 0 -3 0 266.62 202.96 553.44 434.41 1.39 1.22 1.91 0.10 47.20 2.99
30 -40 188.94 105.43 390.08 196.82 1.22 1.04 3.00 0.88 61.27 9.86
4 0 - 5 0 277.27 190.46 301.14 157.71 1.17 0.52 5.18 3.98 38.50 29.64
Mean 189.29 121.32 313.29 190.51 1.07 0.69 3.39 1.29 48.48 14.92























0 - 10 10 - 20 20 - 30 30 - 40 40 - 50
Core Segment
Mean
10  -  20 20 - 30 30 - 40 40 - 50
Core Segment
Mean
Figure 3.18. Lemeta Bog CH4  oxidation from peat cores by site, moisture status, and 
temperature. Cross hatched data indicate unamended CH4 headspace concentrations. 
Dotted data indicate CH3F amended treatments. Oxidation is the height difference between 
the columns. Bars represent standard error. Dry unflooded 10°C (a); dry unflooded 20°C 
(b)* dry flooded 10°C (c)-dry flooded 20°C (d); wet flooded 10°C (e); wet unflooded 
10 C (f); mat flooded 10 C (g), mat unflooded 20°C (h).
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possible regardless of where in the soil profile the water table is located provided there is a 
source o f CH4 to support methanotrophic activity.
CH4  production and oxidation rates within the dry site were low and appeared to be 
relatively insensitive to temperature or core inundation. Similar results were obtained from 
the wet site at 10°C when flooded. Interestingly, placing the wet core in an unflooded 
environment appeared to stimulate both CH4  production and oxidation within the 40-50 cm 
depth segment. Microbial activity within the mat core under flooded conditions at 10 and 
20°C was quite extraordinary with production and oxidation rates 2 orders of magnitude 
greater than at the other sites. This corresponds reasonably well with the 1 to 3 orders of 
magnitude greater flux observed from this site in the field, suggesting that either the 
microbial populations within mat peat are especially large, or that the quality of the carbon 
in this site is greater than in the dry and wet sites, leading to a faster cycling of soil carbon. 
This is the only site in which a relatively clear positive corelation between temperature and 
CH4 production was visible.
A clearer understanding arises when one observes the fractional oxidation rates for the 
cores (Figure 3.19). The unflooded cores from the dry site oxidize 25% of produced CH4 
at 10°C. Greater variability in oxidation is observed at 20°C though the overall fraction 
lost is still close to 30%. Considering that this plot reflects typical environmental 
conditions in the dry site, it is surprising that oxidation only accounts for 25-30% of local 
CH4 production. Field measurements suggest a significantly greater role for oxidation. 
Figures from this site under inundated conditions are similar in nature, though possessing 
greater variability with peat depth. Overall oxidation is restricted to 15 and 25% at 10 and 
20°C respectively. These numbers are in close agreement suggesting that neither 
inundation nor temperature has a significant effect on oxidation potential in this site. While 
such a relationship with temperature might be expected in a water limited site dominated by 
methanotrophs exhibiting low QI0 values, it is surprising that fractional oxidation was not 
higher.
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Figure 3.19. Lemeta Bog core experiment fractional CH4  oxidation by site, soil moisture 
status, and temperature. Dry unflooded (a); dry flooded (b); wet (c); mat (d).
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Results from the wet site show greater variability of oxidation with peat depth. 
Fractional oxidation is also significantly higher than in the dry site at 55 and 35% under 
flooded and unflooded conditions, respectively. If one compares these results to field 
measurements taken in June and August 1993, one finds that the relative amounts are both 
slightly lower than the amount of oxidation observed in the field (61 and 45% 
respectively). This suggests that the decline in relative oxidation potential during the 1993 
summer season in this site might result from the declining water table observed over this 
period. It is counterintuitive that an increase in the aerobic zone thickness would give rise 
to a decrease in the fraction of CH4 consumed by oxidation. The core and field data are in 
agreement
Finally, the mat site cores showed the greatest variability both between depth segments 
and individual cores. Oxidation was approximately 25 and 50% of gross production at 10 
and 20°C respectively. The 10°C data are significantly lower than the 69% fractional 
oxidation observed for this site early in the 1993 field season, whereas the 20°C data agree 
well with 45% measured in August. The cause for this discrepancy is unclear.
Overall the core experiment data are in general qualitative agreement with field, 
measurements under similar conditions though the cores reflect somewhat lower oxidation 
fractions in a number o f cases. This may result more from the inherent differences found 
between open air peatlands and small isolated soil microcosms than from real quantitative 
differences. Generally speaking (Figure 3.20), CH4  oxidation as a fraction o f production 
appears to increase with increasing temperature. Individual sites also appear to exhibit the 
greatest fraction of oxidation under the soil moisture conditions typical for a each site, i.e. 
inundated conditions in the wet and mat sites, unflooded conditions in the dry site.
Overall, the potential efficiency of CH4  oxidation appears to be greatest in the wetter sites 
normally dominated by production rather than in the dry site dominated by consumption, 
further strengthening the conclusion that CH4 oxidation is more dependent on long term 
CH4 availability than aerobic zone thickness or temperature.
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Figure 3.20. Lemeta Bog core experiment fractional CH4 oxidation summary. Sites, 
mean core temperature and moisture status (U = unflooded, F = flooded).
The Tussock Tundra Problem
Another area relating to the interaction of CH3F dose with methanotrophs, is illustrated 
by attempts to measure CH4  oxidation in tussock tundra on the North Slope at the Sag 
River and Toolik Lake (Table 3.10). In both instances use o f CH3F caused a net decline in 
the CH4 emissions. The affect might relate to the physical structure of tussock tundra and 
the dispersal of CH3F therein. As observed in the core experiments, application of CH3F 
within certain sites can cause apparent oxidation to increase if a substrate (CH4) shortage is 
partially alleviated by addition of the inhibitor. This may be the process at work within the 
tussock tundra, if a large methanotrophic population starved for CH4 within the dry outer
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layers of tussocks is suddenly infused with moderate or low levels o f CH3F. Poor CH3F 
dispersal within the multilayered tussock may cause CH4 oxidation to continue or be 
stimulated in some areas while other areas receive inhibition. The resulting imbalance in 
effects would allow overall CH4  oxidation to appear to rise. The consistency of this 
strange phenomenon peculiar to tussock tundra requires further exploration before a 
decisive hypothesis can be extended.
Table 3.10. Tussock Tundra Flux and Oxidation Results
Treatment n Normal Flux Gross Flux Oxidation Oxidized
FractionMean Range S.E. Mean S.E. Mean
Control 13 47.6 -0.47-121.2 12.1 43.2 12.6 -4.4 -9.2
N+P 13 19.3 -0.42 - 98.3 8.0 18.7 8.7 -0.6 -3.1
Greenhouse 4 116.5 66.3 - 163.8 20.1 105.2 18.4 -11.3 -9.7
Note: Fluxes and oxidation measurements are in mg CH4/m2/d. Oxidized fraction in %.
Discussion
The results obtained from the Lemeta Bog and North Slope field trials strongly suggest 
that CH4 oxidation is ubiquitous within wetland ecosystems. While the high production 
rate of CH4 can serve to mask the oxidation occurring in such systems, the oxidation is 
significant and measurable. The Lemeta Bog field trials provide the basis for the 
hypothesis explored more fully in the next chapter that oxidation in high flux wetlands 
consumes a relatively constant fraction of available CH4. At the drier sites, oxidation can 
dominate relatively low CH4 production rates, consuming all available CH4  in addition to 
atmospheric CH4. Experiments on the transition between “dry” wetlands and “wet” 
wetlands and the apparent conversion from dominance by methanotrophy to 
methanogenesis should be conducted. Further exploration of the episodic CH4 production 
suggested from the Lemeta Bog Dry Site data should include uplands.
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Field use of such chemical inhibitors have inherent difficulties. When selecting an 
inhibitor one must try to fulfill the qualities of an ideal inhibitor. An ideal inhibitor is a 
chemical species that provides complete ( 1 0 0 %) inhibition of the target reaction in the target 
organism and does not affect any other reaction by any other organism in the system. The 
inhibitor must be relatively easy to use. Dispersal in the medium being studied should not 
be difficult There should not be analytical problems associated with the inhibitor. 
Oremland and Culertson [1988] list 10 criteria of the ideal inhibitor:
1. Inhibits only target the organism and does not affect other microbes
2. Effective at low concentrations
3. Should be water soluble to assist dispersion and eliminate the possibility of
the effects of solvents
4. Should penetrate target cells easily
5. Should not degrade rapidly whether by organic or inorganic consumption or
adsorption onto soil particles
6 . Should not alter the site chemistry in any biologically important way
7. Should be available in a pure, contaminant free state
8 . Should not interfere with analytical procedures
9. Should not produce other confusing chemical or biological effects
10. Should be cheap and easily available
CH3F is an example of a less than ideal inhibitor. CH3F fulfills completely criteria 3,4,  
and 7. It sometimes fulfills criteria 2 ,5 , 6  and 9. One can overcome the effects of criteria 
1 and 8  with careful use. CH3F must be used within a relatively narrow concentration 
range (0.1 to 1.6%) to inhibit CH4 oxidation without inhibiting CH4 production or other 
biological processes. Incomplete inhibition of oxidation can be a problem if one does not 
use sufficient CH3F or if  the dispersal of CH3F is not complete within the study site. This 
may explain the problems observed in the Sag River tussock tundra. Other microbial 
systems besides methanogenesis such as denitrification are also affected by CH3F
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[Oremland and Culbertson, 1992a,b]. One must limit the duration of inhibition 
experiments to prevent imbalances in site biogeochemistry which can alter methane 
oxidation rates as demonstrated by the core experiments. Long term use of CH3F in 
confined systems can even lead to changes in microbial populations such that populations 
actually consume CH3F. The microbial population appears to develop an affinity for methyl 
fluoride making inhibition impossible [Frenzel and Bosse, 1996]. In such a situation not 
only is the methyl fluoride consumed, but CH4  oxidation continues at high rates.
From an analytical perspective, CH3F is a problem because it sticks to most surfaces, 
making contamination between experimental and control equipment a problem. CH3F at 
percent levels interferes with CH4 anaysis with an FID detector. CH3F is not an ideal 
inhibitor and its chemical properties (explosive, flammable, carcinogenic, asphyxiant etc.) 
are also problematic.
When using a competitive inhibitor like CH3F, one must always be aware of the amount 
of inhibitor present, its distribution, and the length o f time that the inhibitor has been in 
place. Too little CH3F results in incomplete inhibition. The CH4 data which result from 
such a situation will be artificially low as the methanotrophs will still be consuming CH4. 
Directly monitoring the amount of CH3F present is advisable.
The presence of excess CH3F creates a situation in which both methanotrophy and 
methanogenesis are inhibited, whether fully or partially. Warning signs for this problem 
are the observation of normally negative methane fluxes that decline to zero upon exposure 
to CH3F, positive fluxes that decline with the addition of inhibitor (methanotrophy is 
inhibited while methanogenesis is partially inhibited) and positive fluxes that fail to rise as 
high as might be expected (partial inhibition of both processes). The last case is the most 
difficult to recognize. Again, monitoring of the CH3F level provides a good check on the 
system.
Delivery problems are another aspect of inhibitor use that must be kept in mind. CH3F 
and other such inhibitors which are gaseous and soluble in water are relatively easily
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distributed in aerobic porous soils where diffusion is rapid. While, CH3F tends to dissolve 
and concentrate at the surface of the water table, diffusion of the inhibitor to saturated areas 
of the soil profile is extremely slow. This can be an advantage when oxidation is limited to 
the very surface of the water table with only methanogenesis occurring at deeper levels. It 
is a serious problem if methane oxidation is occurring deeper in the profile. The core 
experiments suggest that the potential for CH4 oxidation exists throughout the peat profile if 
sufficient oxygen is present Such a situation can arise if  the soil water is aerobic due to 
recent rainfall onto permafrost where a standing anaerobic zone does not exist. This 
situation also appears to have been extant in the BOREAS Old Black Spruce Fen site for 
most of the summer prior to August of 1994. In such a situation, the aqueous zone could 
still be aerobic, thereby allowing CH4 oxidizers to survive under the water at depths that are 
too far from the water table to be fully inhibited. Oxidation could then continue in the 
presence of the inhibitor and might be observable in flux measurements. The best way to 
monitor inhibitor delivery in soils such as these is to take profiles with depth. The CH3F 
level can then be monitored to assure that inhibitor is reaching the relevant soil zones at the 
required levels.
The last major difficulty that one must be aware of in using an inhibitor such as CH3F is 
the length of exposure at a given site. Dosage experiments and long term studies (see core 
experiments below) have shown that inhibitors like CH3F have the ability to alter the 
populations of the target microbiota. Constant high exposure to CH3F seems to produce 
increased consumption of the inhibitor. This may occur for no other reason than that the 
huge supply of CH3F acts as a giant source of substrate for a previously CH4-limited 
microbial population. Growth in the methanotrophic population occurs after alleviation of 
this critical constraint Such an artificially huge population is not unreasonable given the 
extremely high rates of CH4  oxidation seen in places such as the floating mat of Lemeta 
Bog, where a constant supply of CH4 leads to consumption rates 2 orders of magnitude 
higher than in adjacent upland areas.
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The effect o f CH3F on other microbial processes such as nitrification must also be 
remembered. Long term use of the inhibitor could cause nutrient deficiencies or imbalances 
to arise in other areas from the loss of nitrification. The best solution to this problem is to 
conduct oxidation experiments in as short a time as possible. Once exposure to the 
inhibitor is sufficient to provide full inhibition, the measurements of interest should be 
made before the system has time to change. When long term experiments are required, the 
limits set by dosage experiments should be kept in mind.
The CH3F selective inhibitor technique developed through these experiments certainly is 
not ideal for making CH4 oxidation measurements. It does, however, provide the ability 
to obtain estimates of minimum rates of CH4  oxidation without greatly disturbing the 
microbial systems under study.
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CHAPTER IV
CH4 Oxidation by Tundra Wetlands as Measured by 
a Selective Inhibitor Technique
(A modified version of this chapter can be found in the literature under the reference: 
Moosavi S. C.and P. M. Crill, CH4 Oxidation by Tundra Wetlands as Measured by a 
Selective Inhibitor Technique, J. o f Geophys. Res., in press.)
Abstract
Rates of methane (CHJ oxidation were measured in three wet sedge communities on 
Alaska’s North Slope in 1993 and 1995 using the selective inhibitor methyl fluoride 
(CH3F). Comparison of CH4  flux prior to inhibition (net flux) with flux after inhibition 
(gross flux) enables one to infer CH4  oxidation rates by difference. Oxidation rates from 
Franklin Bluffs, Sagavanirktok River floodplain, Toolik Lake Inlet and Toolik Lake Outlet 
averaged 24.9, 14.7 (1.6), (17.6) and 25.2 (49.8) mg CH4/m2/d in 1995 (1993) 
respectively. Plot level data suggest that oxidation rates vary greatly spatially and 
temporally down to the meter scale. As a percentage of flux, however, mean CH4 
oxidation rates of 13.4, 21.7 (2.0), (16.5) and 19.4 (38.0) % at Franklin Bluffs, 
Sagavanirktok River, Toolik Lake Inlet and Toolik Lake Outlet in 1995 (1993) 
respectively, were seen to be rather uniform over the region. The effects of temperature on 
CH4  production appear to be the dominant control on CH4  oxidation rates in wet sedge 
environments as opposed to soil moisture dependency in upland soils. This effect is 
indirect through changes in substrate availability to methanotrophs via changes in
136
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methanogenic activity. Nutrient fertilization was not found to influence the fraction of CH4 
lost to oxidation. This suggests that CH4 oxidation, while significant in tundra wetlands, 
may consume a near constant fraction of available CH4.
Introduction
Atmospheric concentrations of the radiatively active trace gas methane (CH4) have been 
increasing at a historically unique rate since the start of the industrial revolution [Khalil and 
Rasmussen, 1990, 1993; Mitchell et al., 1990; Dlugokencky et aL, 1994]. The continuing 
increases in atmospheric CH4 concentration are indicative of an imbalance in the sources 
and sinks for CH4. While much effort has gone into quantifying the natural and 
anthropogenic sources of CH4  [Cicerone and Oremland, 1988; Bartlett and Harriss, 1993; 
Dlugokencky et al., 1994], relatively less effort has been expended on CH4  sinks, 
particularly the natural soil sink. This study examines the potential soil sink for CH4  within 
arctic wetlands, sites traditionally .viewed as a significant CH4  source.
This study utilizes a modified version of the methyl fluoride (CH3F) technique 
developed originally by Oremland and Culberston [1992a,b] to measure CH4 oxidation 
from wet sedge tundra environments on the North Slope of Alaska. A detailed description 
of our technique and its development and verification can be found in Chapter 3. When 
appropriately applied, CH3F acts as a specific inhibitor of CH4 oxidation allowing net CH4 
flux to be compared to gross flux. Our data are some of the first to measure arctic CH4 
oxidation directly in the field from sites where production dominates consumption. Our 
study examines the following hypotheses:
1. CH4 oxidation occurs widely across arctic wetlands.
2. Oxidation consumes a significant fraction of gross CH4  production.
3. CH4 oxidation rates are dependent upon the substrate available, i.e. gross CH4
production.
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4. Fertilization and wanning of tundra alter the rate and fraction of CH4 oxidized.
Site Description
The CH4  oxidation experiments described in this study were conducted in the summers 
of 1993 and 1995 at sites along the Dalton Highway (pipeline Haul Road) on Alaska’s 
North Slope. Experimental plots were located adjacent to the Toolik Lake Long Term 
Ecosystem Research Site (LTER) (68°38’N, 149°43’W, elevation 760 m), in the 
Sagavanirktok (Sag) River flood plain (68°46’N, 148°51’ W, elevation 470 m), and near 
Franklin Bluffs (69°72’N, 148°68’W, elevation 131 m).
Most work was conducted within wet sedge communities at the Toolik Lake and Sag 
River sites, both of which lie in the northern foothills of the Brooks Range approximately 
30 km from the front range with the Arctic Ocean 200 km to the north. The climate is 
typical of high-latitude tundra with long, cold, windy winters followed by brief, cool, 
breezy summers. Air and soil temperatures are below freezing for most of the year, with 
thawing of the active layer beginning at the time of snowmelt in late May or early June 
[Kane et al., 1991] and extending until freeze-up in late August or early September. 
Summer air temperatures can range from below freezing to 20°C. For example, a mean 
temperature of 11.3°C and a range of heating degree days (temperature above 0°C 
multiplied by time) from 716 to 852 was observed at Toolik Lake and the Sag River sites 
from June 11 to August 22, 1994 [Shaver et al., 1998]. Total precipitation rates are low, 
but surface and soil water is plentiful due to low evapotranspiration rates and impediments 
to drainage through organic soils underlain by permafrost Mean annual precipitation in the 
region of Toolik Lake as measured at the Imnavait Creek Watershed from January 1984 to 
September 1992 was 34.5 cm with 22.8 cm (6 6 %) occurring as rainfall during the summer 
thaw season [Kane, 1997]. Approximately 54% of precipitation is lost to 
evapotranspiration [Kane, 1997]. The remaining water is lost as runoff with nearly 50% of
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this occurring during snowmelt [Kane, 1997]. Total darkness in the winter months 
contrasts sharply with the perpetual Iow-angle sun during the summer. The combination 
of low temperature and highly seasonal light regime restricts most vegetative and microbial 
activity to the approximately 100 days of the growing season. Climatic conditions at 
Franklin Bluffs were somewhat different than those in the Arctic Foothills. Franklin Bluffs 
lies along the boundary between dominance by continental air masses of the Brooks Range 
and maritime air masses of the Arctic Coast [Haugen and Brown, 1980]. Mean 
temperatures of 9.5°C with a diurnal range of 12.6°C were reported for July by Haugen 
and Brown [1980]. The length of the thaw season and heating degree days were similarly 
measured at 98 and 773 days respectively [Haugen and Brown, 1980]. Precipitation for 
the summer period ranges from 0 to 50 (mean 21) mm per month [Haugen and Brown, 
1980].
Wet Sedge Sites
The Toolik Lake wet sedge sites, located 2 km west of Dalton Highway Mile Post 
284.3, were divided into two blocks, Inlet and Outlet, approximately 2 km apart. Detailed 
descriptions o f soil and vegetation in these sites can be found elsewhere [Chapin and 
Shaver, 1985; Shaver and Chapin, 1986; and Shaver etal., 1986]. Pre-existing 
experimental plots established in 1989 to study the effects of fertilization and warming on 
tundra vegetation [Shaver and Chapin, 1986; Shaver et al., 1998] were utilized for our 
experiments. Control (CT), nitrogen + phosphoms (N+ P) fertilized, and temperature 
enhanced greenhouse plots were used. Greenhouse plots were enclosed within 
polyethylene sheeting supported by wooden frames as described in Chapin et al. [1995] 
and Shaver et al. [in press]. The Toolik Lake Inlet Site lay on a north facing slope 
approximately 0.5 km south of the Toolik Lake Field Station. The water table lay below, 
but near to, the vegetative surface during the period of our experiments, supported by
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shallow permafrost Vegetation within the Toolik Inlet wet sedge was dominated by 
graminoids, mostly Eriophorum spp. with some Carex aquatilis also present 
Discontinuous moss cover by Sphagnum spp., and assorted vascular species, notably 
Trichophorum caespitosum were also present Total plant biomass was greatest in the 
treatments plots, 285% and 191% of control in the N+P and greenhouse plots respectively 
in 1994 [Shaver et al., 1998]. The Toolik Lake Outlet Site was approximately 2 km to the 
north of the field station on a flat shelf, several hundred meters in width, located between 
the outlet stream and a small hill. The peat soil was flooded approximately 5 cm above the 
surface and was frozen beneath 30 cm. Significant water flow toward the outlet stream 
was observed. Vegetation consisted of Eriophorum spp. separated by areas of open water. 
As at the Inlet Site, total plant biomass was greater in the treatment plots (355% and 178% 
of control in the N+P and greenhouse plots respectively in 1994 [Shaver et al., 1998]).
The Sag River Site was established in wet sedge tundra, 1 km off the Dalton Highway at 
Mile Post 305.6, at the base of a 10 m terrace within the floodplain. The Sagavanirktok 
River rushed within a wide channel approximately 100 meters from the experimental plots 
at a somewhat lower elevation. Control (CT), N+P fertilized, and phosphorus (P) 
fertilized plots established in 1985 [Giblin et al., 1991; Shaver et al., 1998] were utilized. 
The Sag River plots received annual fertilization. The peaty soil (pergelic cryohemist 
Histisol) within all plots was flooded to within 5 cm of the surface and frozen at a depth 
from 30 - 50 cm [Giblin et al., 1991]. Bulk density and soil moisture in the surface Oe 
horizon were 0.11 g/cm3 and 59% respectively [Giblin et al., 1991]. Carbon constituted 
40% of the soil with a total of 19.7 kg C/m2 stored in the active layer [Nadelhoffer et al., 
1997]. This contrasts to only 1% carbon stored in live vegetation [Nadelhoffer et al.,
1997]. Soil pH was nearly neutral at 6.2 [Giblin et al., 1991]. Depth to frost was least 
under the heavily shaded soil in the N+P plot and greatest within the control plot, in line 
with experiments at Barrow that related increased biomass with decreased depth of thaw.
An increase in foliage area index of 1.0 decreased the depth of thaw by 3 cm [Miller et al.,
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1980]. The unfertilized control plots contained a mix of graminoids and moss species with 
typical vegetation height below 30 cm. Moss species and vascular plants provided 85% and 
65% plot coverage respectively [Giblin et al., 1991]. Graminoids, specifically 
Trichophorum caespitosum and Carex spp., were the dominant vascular plant growth 
form, providing 65% coverage [Giblin et al., 1991]. Dicranum spp., Bryum spp. and 
Tomenthypnum nitens were the dominant mosses [Giblin et al., 1991 ]. N+P and P plots 
contained similar species though graminoids made up a somewhat larger percentage than in 
control plots. Vegetation in the fertilized plots was far lusher and taller with total biomass 
of 147% and 140% of controls in the N+P and P plots respectively in 1994 [Shaver et al., 
1998; Shaver and Chapin, 1995]. Moss species made up a greater fraction o f the total 
biomass than at either of the Toolik Lake sites.
The Franklin Bluffs Site was located within wet sedge tundra approximately 150 km 
from the Toolik Lake field station on the Arctic Coastal Plain, 71 km from the coast at 
Dalton Highway Mile Post 377.4. While predominantly flat, the region is broken by the 
presence of thaw lakes, moderate sized streams, pingoes and polygonized tundra. General 
relief in the region ranges from 3 to 6  meters [Mull and Adams, 1985]. The field plot, 
functionally equivalent to the control plots in the other sites, lies west of the highway in a 
flooded plain of wet sedge tundra. The 200 m claystone cliffs of Franklin Bluffs and the 
Sagavanirktok River lie to the east beyond the highway. A small tributary stream crosses 
the plain approximately 300 m to the south of the field plots. The site is not bounded in the 
near vicinity to the north and west The peaty soil was flooded by 5-10 cm of water and 
was frozen within 30 cm of the surface. No flow was visible in the water flooding the site. 
Site vegetation consists of a loosely spaced graminoids, particularly Eriophorum spp., with 
unvegetated areas covered with water.
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Tussock Tundra Sites
In addition to experiments in the wet sedge, tussock tundra at the Toolik Inlet and Sag 
River sites was also examined in 1993. In the Toolik Tussock Tundra, the moist silty soil 
was covered by organic material to a depth up to 2 0  cm and was frozen beneath all plots at 
a depth of less than 30 cm. Vegetation was dominated by tussocks of Eriophorum 
vaginatum, from 10-30  cm in height, with nearly equal quantities of Sphagnum spp., 
deciduous and evergreen shrub species [Chapin and Shaver, 1985; Shaver and Chapin, 
1986; Shaver and Chapin, 1991]. Control, N+P, and greenhouse plots were utilized.
The Sagavanirktok River Tussock Tundra was established atop a terrace 10 m above the 
Sag River floodplain containing the wet sedge sites. Soil characteristics (pergelic, histic, 
cryaquept, Inseptisol) were similar to those at the Toolik Tussock Tundra sites though 
organic soil layers and thaw depths were slightly greater (30 - 50 cm) [Giblin et al., 1991]. 
Bulk density and soil moisture within the surface horizon (Oe) were 0.13 g/cm3 and 54% 
respectively [Giblin et al., 1991]. Soil carbon stores ranged from 36.9% to 7.1% C with 
increasing depth from Oe to B2g horizon with a total of 25.2 kg C/m2 found in the thaw 
zone [Nadelhoffer et al., 1997]. Soil pH was slightly acidic (5.5) [Giblin et al., 1991]. 
Vegetative cover was dominated by mosses and vascular plants (80% and 60% cover 
respectively) [Giblin et al., 1991]. While graminoids {Eriophorum vaginatum, Carex 
bigelowii) dominated the vascular plant species (40% cover), deciduous (Betula nana, 
Vaccinium uliginosum) and evergreen species {Ledum palustre, Cassiope tetragona) also 
made up a significant portion o f the vascular plant species ( 2 0  and 1 0 % of cover 
respectively). Sphagnum spp., Dicranum spp., and Aulacomnium turgidum were the 
dominant mosses. Control and N+P plots were utilized.




Trace gas fluxes were measured with a static chamber method [Crill et al. 1988;
Moosavi et aL, 1996] using preinstalled collars distributed randomly over vegetation 
representative of the sites. The collars were constructed from 5 gallon buckets, bottoms 
removed, installed to a depth of 25 cm below and 5 cm above the level of the primary moss 
vegetative surface. The depth of the collars provided a good seal with the shallow water 
table. Chambers were constructed from similar 5 gallon buckets fitted with a sealing ring 
of closed foam weatherstripping. The chamber/collar seal was reinforced with the use of 
bungee cords to apply continuous pressure during flux measurements. Each chamber 
covered an area of 0.042 m2 and contained a volume o f 0.022 m3. Chamber air was not 
circulated during flux measurements except by syringe pumping. The chambers were 
covered with aluminum foil both to insure darkness within the chamber and to reduce 
heating during measurements. Samples were collected through a polyethylene stopcock 
mounted on the top of each chamber. Soil temperatures were measured at each site during 
sampling utilizing thermocouple probes at depths of 5, 10 and 20 cm below the peat 
surface.
Theoretical Basis of the CH3F Technique
The CH3F technique measures CH4  oxidation by comparing standard flux measurement 
or net flux (gross CH4  production minus CH4 oxidation) to the gross flux (gross CH4  flux 
in the absence of CH4  oxidation) at the same site (Figure 3.). The latter condition must be 
achieved by inhibiting CH4 oxidation without affecting CH4 production rates or dispersal 
conditions. While numerous general inhibitors of microbial activity are available (e.g.
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acetylene, carbon monoxide, thiourea) these compounds also inhibit methanogenic activity. 
Similarly, manipulating site conditions to inhibit methanotrophy by inducing anaerobic 
conditions cannot be done without substantially altering the dispersal conditions for CH4. 
Oremland and Culbertson [1992a,b] have shown that specific inhibition'of CH4 oxidation 
can be achieved without greatly altering trace gas emission regimes through the use of the 
competitive inhibitor CH3F. A full description o f our technique can be found in Chapter 3.
CH, Oxidation Experiment Sample Protocols
Our protocol injects 1% CH3F by volume into the chamber headspace to achieve 
inhibition of CH4  oxidation. Experiments at higher concentrations in our sites suggest that 
inhibition of CH4 oxidation at this concentration is complete and is not impacted by 
inhibitory effects on methanogenesis [Chapter 3]. Net and gross flux measurements are 
performed over relatively short time periods to prevent excessive disturbance of the 
soil/atmosphere interface caused by prolonged containment of wetland soils under a static 
chamber. Flux samples were collected from each collar according to the schedule of 
experiments listed in Table 4.1. Experiments in 1993 were designed to survey a variety of 
treatment plots in wet sedge and tussock tundra for purposes of determining CH4  oxidation
Table 4.1: North Slope Wet Sedge CH4 Oxidation Experiments
Site Date Year CT N + P P G
Sagavanirktok River 6/25-26 1993 3 3 2 -
Sagavanirktok River 8/15 1993 3 4 4 -
Toolik Lake Outlet 8/16 1993 3 3 - 3
Toolik Lake Inlet 8/16 1993 3 3 - 3
Sagavanirktok River 7/21-22 1995 6 - - -
Toolik Lake Outlet 7/24-26 1995 6 - - -
Franklin Bluffs 7/27-28 1995 4 - - -
Sagavanirktok River 7/31-8/1 1995 6 - - -
Toolik Lake Outlet 8/2-3 1995 6 - - -
Notes: CT =  Control Plot, N+P = Nitrogen and Phosphorus Plot, P = Phosphorus Plot, 
G = Greenhouse Plot. Figures indicate number of collars in each plot.
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rates and possible nutrient treatment effects on oxidation. The 1995 experiments were 
focused solely on wet sedge control sites for purposes o f more accurately determining CH4 
oxidation rates under revised sampling protocols. All'samples were collected between the 
hours of 10:00 and 16:00 LT.
In 1993, samples were collected in 20 ml polypropylene syringes fitted with 
polycarbonate/ nylon stopcocks. A net CH4  flux was determined for each collar at the 
start o f sampling. Samples of chamber air were collected at 5 ,15 ,25  and 35 minutes after 
lowering of the chamber (four samples per chamber over 35 minutes). Chambers were 
removed from the collars for -30 minutes before being placed back upon the collars. Pure 
CHLjF was immediately added to the chamber through the sampling port to create an 
atmospheric mixing ratio of -1 % CH3F in the chamber headspace. Samples for a gross 
CH4  flux was collected at 10,20,30 and 40 minutes after lowering the chamber. All 
collars were vented upon completion of this flux until new experiments were initiated the 
next day.
A different sampling protocol [Chapter 3] was used in 1995 to reduce initial disturbance 
to the collar and to ensure adequate dispersal time for CH3F into the water table. All 
samples in 1995 were collected in 60 ml polypropylene syringes fitted with polycarbonate/ 
nylon stopcocks. On the first day of sampling, a net CH4  flux was determined initially for 
each collar. Samples o f chamber air were collected at 60, 64,68, 72 and 76 minutes after 
lowering of the chamber (five samples per chamber over 76 minutes). Chambers were 
removed from the collars for -30 minutes before being placed back upon the collars. Pure 
CH3F was immediately added to the chamber through the sampling port to create an 
atmospheric mixing ratio of -1% CH3F in the chamber headspace. Samples for a gross 
CH4 flux were collected at 60,64,68,72 and 76 minutes after lowering the chamber. All 
collars were vented upon completion of this flux. Chambers were then replaced on the 
collars for resupply with -1% CH3 F. These chambers were left in place for 24 hours.
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Upon returning to the site the following day, all collars were vented for an hour. Two sets 
of gross CH4 flux measurements separated by 30 minutes of venting were then performed.
Analysis
AH samples were returned to the Toolik Lake Field Station and analyzed within 24 hours 
on a Carle gas chromatograph operating at 80°C using a flame ionization detector (FID) for 
analysis of CH4 and CH3F and a thermal conductivity detector (TCD) for analysis of C 02. 
Analog signals from the gas chromatographs were collected and analyzed on a Shimadzu 
integrator. The FED was standardized using a 50.1 ppmv CH4  working standard. No 
suitable CH3F standard was available. Approximate CH3F concentrations in the samples 
were monitored with the FED as response for CH3F is similar to that of CH4. Combined 
with the high concentrations of CH3F present in treated samples, this enabled us to insure 
that adequate CH3F concentrations were present in the treated chambers. The TCD was 
calibrated using a 401 ppmv C02  standard.
CH4 fluxes were calculated by regressing the concentration of headspace CH4 versus the 
time of collection [Crill et al., 1988] at the 95% confidence level. Fluxes whose 
regressions were not statistically significant (p< 0.05) were removed. Samples were also 
removed from the data set if  evidence of peat degassing due to disturbance (e.g. chamber 
emplacement) was present Such samples had initial concentrations far above ambient and 
either stagnated at high levels or decreased in concentration below that of the initial sample. 
C 0 2  fluxes were calculated by the same procedure. It should be noted that studies of dark 
C 0 2  flux have shown that respiration measurements made over long time periods (greater 
than 10 minutes) tend to underestimate respiration [Moosavi and Crill, 1997].
CH4 oxidation rates were calculated by subtracting net flux results from gross flux 
results. Given the inherent variability in all CH4 flux measurements from collar to collar 
and from measurement to measurement at each collar, net flux and gross flux results at a
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given site during a given experiment were pooled for this comparison [Chapter 3]. The 
CH4  oxidation rates obtained by this method are similar to the results of averaging the 
difference between net and gross flux measurements made for individual collars.
Results
Temperature
Soil temperatures monitored in all three sites reflect the generally cool and wet 
conditions observed during our study period in July and early August of 1995 (Figure 
4.1). Soil temperatures were greatest at 5 cm depth (4.5 to 10°C) and declined rapidly with 
increasing depth to between 3 and 6 °C at 20 cm. Soil temperatures declined rapidly during 
the first Sag River experiment (Day 201 to 203). Less rapid cooling was observed during 
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Figure 4.1. North Slope study site soil temperatures at 5 ,10 and 20 cm.
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River experiments were conducted during a period of soil warming (Day 208 to 213). The 
final period of cooling during the second Toolik Outlet experiment (Day 214 to 216) was 
extremely rapid resulting in near isothermal conditions at 4.5°C. Snowfall on Day 217 
likely resulted in a reversal of the thermal gradient and the beginning stages of the winter 
dormant period. It is important to note that soil temperatures, even on the warmest days in 
the shallowest soils, were not overly favorable to rapid rates of methanogenesis. The 
relatively greater sensitivity to temperature of CH4 production versus CH4  oxidation (QI0 
values of 1.0 to 20.5 for production versus 1.2 to 2.4 for oxidation) suggest that our soils 
should have been predisposed to relatively high rates o f oxidation relative to production as 
low soil temperatures favor temperature insensitive processes.
North Slope CH, Fluxes
Flux data from all sites in 1993 and 1995 were used to assess CH4  flux and oxidation rates 
across the North Slope (Table 4.2). All control plot data, including controls collected 
during the nutrient treatment experiment, were utilized for this primary experiment. Net 
CH4 fluxes collected under the typical conditions used in static chambers are compared with 
gross fluxes obtained with the use of CH3F (Figure 4.2). The error bars present indicate 
the standard error of each sample. Fluxes marked with asterisks are significantly different 
at the 95% confidence level, suggesting that the oxidation numbers reported are large 
enough to be distinguished from background variability in flux measurements. Background 
variability is high as the range of flux values from collar to collar in individual sites can 
span an order of magnitude. Fluxes not found to be significantly different do not indicate 
lack of CH4 oxidation. Rather oxidation cannot accurately be distinguished from 
background variability either due to low oxidation rates (comparison of a small difference 
in two large numbers) or small data sets. The presence of seasonal effects on CH4  flux and 
oxidation rates also may contribute to the background variability. While experiments were












Table 4.2 North Slope CH4 Flux and Oxidation Results
Site Month Year Treat
ment
Net CH„ Flux 
(mg/m2/d)






n Mean S.E. n Mean S.E. Mean S.E. Mean S.E.
Sag Wet Sedge 6 1993 CT 6 50.9 4.3 6 49.4 5.4 -1.5 3.7 -2.9 7.3
Sag Wet Sedge 8 1993 CT 3 55.7 3.6 3 63.3 5.7 7.6 2.6 12.0 4.1
Sag Wet Sedge (Comb.) 6/8 1993 CT 9 52.5 3.2 9 54.0 4.6 1.6 3.0 2.0 5.3
Sag Wet Sedge 7/8 1995 CT 12 50.6 8.3 35 64.6 5.7 14.7 4.9 21.7 5.8
Toolik Outlet Sedge 8 1993 CT 3 81.4 10.7 3 131.2 10.0 49.8 2.3 38.0 1.8
Toolik Outlet Sedge 7/8 1995 CT 16 91.8 11.0 39 113.5 6.8 25.2 8.8 19.4 6.3
Toolik Inlet Sedge 8 1993 CT 3 88.7 24.8 3 106.4 30.6 17.6 5.9 16.5 5.5
Franklin Bluffs Sedge 7/8 1995 CT 4 155.8 19.3 11 181.5 12.4 •. 24.9 11.5 13.4 6.7
Sag Tussock 6 1993 CT 6 11.4 6.6 6 11.0 6.2
TTo1 1.4 -3.5 12.3
Sag Tussock 8 1993 CT 3 45.3 10.7 3 24.9 7.6 -20.4 4.9 -45.0 10.8
Sag Tussock (Comb.) 6/8 1993 CT 9 22.7 7.80 9 15.6 5.3 -7.08 3.7 -31.2 16.3
Toolik Tussock 8 1993 CT 4 103.6 10.4 4 105.2 11.9 1.6 3.9 1.5 3.7
Sag Wet Sedge 6 1993 N+P 6 35.8 10.4 6 41.0 11.8 5.3 2.4 12.9 5.8
Sag Wet Sedge 8 1993 N+P 4 43.3 4.7 4 47.0 8.7 3.7 9.2 7.9 19.6
Sag Wet Sedge (Comb.) 6/8 1993 N+P 10 38.8 6.6 10 43.4 8.0 4.6 4.0 11.9 9.2
Sag Tussock 6 1993 N+P 6 3.6 2.2 6 3.7 2.1 0.1 0.3 1.4 8.1
Sag Tussock 8 1993 N+P 3 4.4 3.4 3 -0.3 1.1 -4.7 2.4 -107 54.5
Sag Tussock (Comb.) 6/8 1993 N+P 9 3.88 1.8 9 2.4 1.6 -1.5 1.1 -38.7 28.4
Toolik Outlet Sedge 8 1993 N+P 3 78.7 5.5 3 108.1 12.6 29.1 8.4 26.9 7.8
Toolik Inlet Sedge 8 1993 N+P 3 26.0 3.7 3 32.5 4.6 6.5 1.5 20.0 4.6
Toolik Tussock 8 1993 N+P 4 53.8 15.3 4 55.4 17.3 1.5 2.1 2.7 3.8
Sag Wet Sedge 6 1993 P 4 17.8 0.4 4 20.9 1.7 3.2 2.1 15.3 10.0
Sag Wet Sedge 8 1993 P 4 41.0 4.9 4 40.5 4.5 -0.5 2.1 -1.2 5.1
Sag Wet Sedge (Comb.) 6/8 1993 P 8 29.4 13.6 8 30.7 4.2 1.3 4.6 4.4 15.0
Toolik Outlet Sedge 8 1993 G 3 148.0 17.7 3 139.2 19.5 -8.7 5.2 -5.8 3.5
Toolik Inlet Sedge 8 1993 G 3 120.4 32.6 3 182.3 52.9 61.9 21.6 • 34.0 11.8
Toolik Tussock 8 1993 G 4 116.5 20.1 4 105.2 18.4 -11.3 11.3 -9.7 9.7
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Figure 4.2. CH4  flux from North Slope wet sedge communities under natural 
(unamended) conditions and with inhibition of oxidation by CH3F. Net Flux = gross CH4  
production minus CH4  oxidation. Gross Flux = gross CH4 production with CH4  oxidation 
inhibited. CH4 oxidation is the difference between net and gross flux. Bars indicate 
standard error. Asterisks indicate net and gross fluxes significantly different from 
background flux variability at the 95% level of confidence. All values are mean of 
measurements (Table 1). Site abbreviations: FB95, Franklin Bluffs 1995; SG93, Sag 
River 1993; SG95, Sag River 1995; TI93, Toolik lake Inlet 1993; T093, Toolik Lake 
Outlet 1993; T095, Toolik Lake Outlet 1995.
performed in early, mid, and late summer, the density of data does not allow for an 
accurate determination of seasonal trends. Values for CH4 oxidation are reported for all 
sites regardless of statistical significance.
Wet Sedge Sites
The Franklin Bluffs Site (1995) exhibited the highest overall flux rates with rates 
significantly greater than measurements in flooded wet sedge soils at Franklin Bluffs of
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43.0+9.6 and 100.0+8.1 mg CH4/m2/d in 1990 and 1991 respectively [Vourlitis et al., 
1994]. Fluxes at the Sag River Site were consistently lower than those at Toolik Lake or 
Franklin Bluffs over the course of our experiments. These data are similar to flux 
measurements of 61.6+24.8 mg CH4/m2/d from Carex/Eriophorum depressions measured 
near Toolik Lake [Christensen, 1993] and measurements made in Swedish subarctic mires 
and North Slope wet meadow tundra [Svensson and Rosswall, 1984; Morrissey and 
Livingston, 1992]. Net fluxes at the Toolik Lake Outlet and Inlet Sites were similar to 
results (100 to 144 mg CH4/m2/d) from coastal tundra, wet meadow and Carex/Eriophorum 
dominated pond margins on the North Slope and in the Yukon-Kuskokwim Delta 
[Sebacher et a l, 1986; Bartlett et aL, 1992; Morrissey and Livingston, 1992; Christensen, 
1993].
Calculated CH4  oxidation rates at the collar level varied from -62.1 to 88.7 mg 
CH4/m2/d. Negative numbers in this context indicate declines in flux with the use of CH3F 
and represent the inherent background variability obtained from repeated flux 
measurements. They should not be confused with increases in production. Similarly, 
individual collars showed a range o f oxidized CH4  fraction from -40.8 to 78.9% of gross 
production. Both of these ranges reflect not only oxidation, but also collar level variability 
in repetition of fluxes. The histograms in Figure 4.3 describe the distribution of oxidation 
and fractional oxidation. To separate background variability in flux from oxidation I have 
chosen to report site level CH4  oxidation rates (Table 4.2). This procedure gives an 
accurate reflection of site level CH4  oxidation, assuming that the background variability in 
flux is normally distributed around the true value. Some evidence suggests that initial 
fluxes from collars may be greater than subsequent fluxes by up to 25% [Chapter 3], 
biasing our results towards reduced oxidation. As such, these estimates of CH4  oxidation 
should be viewed as minimum rates with actual rates potentially 25% greater than reported.
Calculated CH4  oxidation rates and fraction of gross CH4  flux oxidized are summarized 
in Figure 4.4). Asterisks indicate oxidation rates calculated where the differences between
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Figure 4.3. Distribution of collar level measurements in wet sedge control plots. CH4  
oxidation rates (A). Fractional CH4 oxidation rates (B).
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Figure 4.4. North Slope wet sedge CH4  oxidation rate and oxidized fraction (fraction of 
gross CH4 production oxidized). Bars indicate standard error. Asterisks indicate oxidation 
rates significantly different from background flux variability at the 95% level o f confidence. 
All values are mean of measurements (Table 4.2). Site abbreviations as in Figure 4.2.
net and gross flux were statistically significant at the 95% confidence level. Oxidation rates 
were highest at the Toolik Lake Outlet with rates of 49.8 and 25.2 mg CH4/m2/d in 1993 
and 1995 respectively. The Franklin Bluffs and Toolik Lake Inlet sites were next in 
oxidation rate with values of 24.9 and 17.6 mg CH4/m2/d in 1993 and 1995 respectively. 
The least CH4 oxidation was observed at the Sag River site with rates of 1.6 and 14.7 mg 
CH4/m2/d in 1993 and 1995 respectively. When the fractional CH4 oxidation is examined, 
however, the order is somewhat different The fraction of gross CH4 production oxidized 
ranged from 2.0 to 38.0%. Statistically insignificant values at the Sag River in 1993 lie 
within the margin of error of our technique, suggesting that CH4 oxidizers were not 
particularly active at this site in 1993 (in contrast with strong oxidation rates in 1995 at the
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Sag River). The statistically insignificant value at the Toolik Lake Inlet is believable, but 
comes from a small data set (n=3) making statistical significance difficult to achieve.
Nutrient Treatment Plots
The effects of nutrient addition and temperature modification on CH4  oxidation rates 
were examined on experimental plots during the 1993 field season. CH4 flux rates within 
the Sag River treatment plots were of generally consistent magnitude from June to August 
though an increase in flux was observed for Sag River P plots (Table 4.1, Figure 4.5A). 
Fluxes observed at the Toolik Lake wet sedge sites in August were generally higher than 
those observed at the Sag River (Figure 4.5B) with higher fluxes observed in the Inlet 
versus the Outlet in all treatments save the greenhouse.
Oxidation rates calculated for the nutrient plots show a wide variety across sites and 
treatments (Figure 4.6A). Oxidation rates (net suppression of CH4  flux by addition of 
CH3F) were relatively low in the Sag River wet sedge with -1.5 and 7.6 mg CH4/m2/d in 
CT, 5.3 and 3.7 mg CH4/m2/d in N+P, and 3.2 and -0.5 mg CH4/m2/d in P plots, 
observed in June and August respectively. Oxidation rates were generally higher at the 
Toolik Lake sites with 49.8 and 17.6 mg CH4/m2/d in control, 29.1 and 6.5 mg CH4/m2/d 
in N+P and -8.7 and 34.0 mg CH4/m2/d observed in the Outlet and Inlet sites respectively. 
The uniformity of oxidation rates observed in the Sag River sites regardless o f time of year 
suggests that the greater oxidation rates observed in the Toolik sites are not likely to be a 
seasonal effect, but rather reflect real differences in oxidation between sites. The negative 
oxidation rates observed in the Sag River sites are not significant within the margins of 
error of our method. The negative oxidation rate observed at the Toolik Lake Outlet 
greenhouse plot is significant and may reflect disturbance [Chapter 3].
Factoring out intersite differences in overall microbial activity by examining the fraction 
of CH4 lost to oxidation reveals a somewhat different picture of these sites (Figure 4.6B).
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Figure 4.5. North Slope nutrient treatment plots. Unamended fluxes (CT) and CH3F 
amended fluxes (MF). Sag River Sites (A). Toolik Lake Sites (B). Treatments: Control 
Plots (CT), Nitrogen + Phosphorus Fertilized Plots (NP), Phosphorus Fertilized Plots (P), 
Greenhouse Plots (G). Bars indicate standard error.
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Figure 4.6. North Slope Treatment Plots. CH4  Oxidation (A) and Fractional Oxidation 
(B). Sag River (Sag) Sites in June and August Toolik Lake Sites in August Treatments: 
as in Figure 4.5. Bars indicate standard error.
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The oxidized fraction of CH4 was generally greater in the Toolik Lake (38.0,26.9, -5.8% 
in the Outlet and 16.5,20.0 and 34.0% in the Inlet in CT, N+P and greenhouse plots 
respectively) sites than at the Sag River (2.0,11.9, and 4.4% in CT, N+P and P plots 
averaged for June and August) suggesting a more active methanotrophic community at 
Toolik Lake.
Tussock Tundra
Our experiments in the tussock tundra were not as successful as those in the wet sedge 
sites. In most instances, addition of CH3F to the chamber headspaces resulted in a 
decrease in the observed CH4  flux. Instances where net oxidation already occurring in 
control collars appeared to be stimulated (increase in CH4 uptake from the chamber 
headspace) were also noted.
Net CH4 flux rates of 11.4 mg CH4/m2/d exceeded, but were not significantly different 
from, gross flux rates determined with the use of CH3F of 11.0 mg CH4/m2/d in the Sag 
River Tussock control plots in June (Figure 4.7A). The same pattern was observed in both 
Sag Tussock plots in August with net fluxes of 45.3, and 4.4 mg CH4/m2/d exceeding 
gross fluxes of 24.9, and -0.3 mg CH4/m2/d in CT and N+P plots respectively. The slight 
positive increase in CH4  flux observed under the influence of CH3F in the Sag Tussock 
N+P site in June from 3.6 to 3.7 mg CH4/m2/d does not reflect a significant difference.
CH4  flux values observed in the Sag River sites are similiar to fluxes reported for 
intertussock and moss environments (0.9 - 29 mg CH4/m2/d) [Svensson and Rosswall, 
1984; Whalen and Reeburgh, 1988, 1992], moist tundra with subsurface water tables (0.3 
to 31 mg CH4/m2/d) [Sebacher et aL, 1986; Whalen and Reeburgh, 1990a], and upland 
tundra sites (2.3 - 3.4 mg CH4 /m2/d) [.Bartlett et al., 1992; Morrissey and Livingston, 
1992]. Net flux observations at the Toolik Tussock site of 103.6 and 53.8 mg CH4/m2/d 
were exceeded by gross fluxes of 105.2 and 55.4 mg CH4/m2/d (control and N+P plots
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Figure 4.7. Sag River and Toolik Tussock Tundra Results. Unamended and CH3F 
(CT) amended fluxes (MF) (A). CH4 oxidation (difference in flux between unamended and 
amended fluxes) (B). Treatments as in Figure 4.5. Bars indicate standard error.
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respectively). Addition of CH3F in the Toolik Tussock greenhouse plot resulted in a 
decrease in flux from 116.5 mg CH4/m2/d without inhibitor to 105.2 mg CH4/m2/d under 
the influence of CH3 F. The Toolik Lake tussock tundra fluxes were higher than most 
values reported in the literature though flux values ranging up to 152 mg CH4/m2/d for 
tussock and moist tundra have been reported [Sebacher et al., 1986; Whalen and Reeburgh, 
1992; Christensen, 1993].
The changes in flux observed between net and gross fluxes for the tussock tundra sites 
are depicted in Figure 4.7B. While the smaller positive and negative changes fall within the 
standard error of our technique and may reflect no real change, the large drops in flux 
observed in the Sag Tussock and Toolik Tussock greenhouse plots in August are indicative 
of real declines in net flux. A number of explanations for the difference in plot behavior 
between wet sedge and tussock tundra are possible. The short term application of CH3F to 
high water table plots needed to conduct experiments in the wet sedge may not be 
appropriate in the less uniform, drier surface of the tussock tundra. Inadequate inhibition 
of methanotrophy could arise from leakage of CH3F from the beneath the collar as the 
water table is below the base of the collars. Alternatively, tussock tundra sites may be 
inherently more prone to disturbance by the rapid repetition of flux measurements on the 
same collars. Such disturbance generally reduces flux over time, perhaps accounting for 
our results. A third possible explanation is inhibition of CH4 production by CH3 F. While 
not generally observed in plots at the concentrations used in this experiment, Frenzel and 
Bosse [1996] did observe inhibition of CH4 production from acetogenic methanogenesis in 
rice plants at CH3F concentrations of 1000 ppmv. Finally, it is possible that CH3F acted 
not as an inhibitor, but as a stimulant of CH4 oxidation in these sites. Laboratory 
experiments on peat cores collected in a subarctic taiga suggest CH3F can be rapidly 
consumed by dry peat soils [Chapter 3]. Regardless of the cause, accurate calculations of 
CH4 oxidation rates from tussock tundra are not possible at this time.
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Dark CQ2 Fluxes: Respiration
Dark C0 2  measurements were made on samples collected for the CH4  oxidation 
experiments to serve as a check on sample integrity and consistency between control and 
methyl fluoride samples and to offer insight into respiration rates from these tundra soils. 
Table 4.3 summarizes the C 0 2 data collected during the 1993 and 1995 field campaigns 
(Figure 4.8A). Respiration rates within the Toolik Outlet control plots in 1995 of 1.99 g 
CO/mVd tend to be about 50% of the 1994 values for the same site (3.8 g CO^rn^d) 
obtained using darkened chambers [Shaver et al., 1998], perhaps reflecting the tendency 
toward reduced respiration rates with long chamber downtimes in our experiments. By 
contrast our respiration data from the Sag River wet sedge CT plots averaged 60 - 85% 
higher than the 1.5 g CO/m2/d [Giblin etal., 1991] observed in the late 1980’s. Results 
from Franklin Bluffs of 1.90 g CO/mVd were similar to those reported at the Toolik 
Outlet.
Respiration measurements collected in the Sag River wet sedge treatment plots in 1993 
were higher than those reported for control plots. Respiration rates for the Sag River N+P 
plot were about 70% of those reported for the Toolik Outlet for 1994 [Shaver et al., 1998]. 
Similarly, respiration rates for the Sag River P plots were only 40% of the 10.6 g C 0 2/m2/d 
observed at the Toolik Outlet in 1994 [Shaver et al., 1998]. This is in line with 
measurements from the CT plots that suggest dark C 0 2  fluxes at the Sag River, Toolik 
Outlet and Franklin Bluffs in 1993 and 1995 were significantly less than those at the Toolik 
Lake Outlet in 1994.
Respiration measurements were also made in chambers under the influence of CH3 F. 
These fluxes (Table 4.3) were generally similar to those reported for control fluxes (Figure 
4.8), ranging from 89% to 123% of the controls. Individual experiments consisting o f a 
much smaller subsample of data did show significant differences, however. The June 
1993 Sag River wet sedge N+P plot (Figure 4.8C, Sag River wet sedge 1995 Control
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Table 4.3: North Slope Dark C 0 2  Flux Results
Site Month Year Treat
ment
Dark CO, Flux (g/m7d)
No Treatment CH,F Treatment
Mean S.E. Mean S.E.
Sag Wet Sedge 6 1993 CT 3.66 0.53 3.64 0.60
Sag Wet Sedge 8 1993 CT 2.33 0.29 2 . 6 6 0.16
Sag Wet Sedge (Comb.) 6 / 8 1993 CT 2.77 0.34 2.99 0.27
Sag Wet Sedge 7/8 1995 CT 2.40 0.46 2.46 0.18
Toolik Outlet Sedge 7/8 1995 CT 1.99 0.28 2 . 2 1 0.14
Franklin Bluffs Sedge 7/8 1995 CT 1.90 0.36 2 . 2 1 0.26
Sag Tussock 6 1993 CT 3.67 1.44 5.40 1 . 1 0
Sag Tussock 8 1993 CT 3.52 0.78 2 . 8 8 0.74
Sag Tussock (Comb.) 6 / 8 1993 CT 3.58 0.78 4.03 0.75
Sag Wet Sedge 6 1993 N+P 14.51 0.46 16.79 0.35
Sag Wet Sedge 8 1993 N+P 10.78 1.49 10.84 1.30
Sag Wet Sedge (Comb.) 6 / 8 1993 N +P 11.80 1 . 2 0 12.46 1.24
Sag Tussock 6 1993 N+P 12.30 3.64 11.13 3.56
Sag Tussock 8 1993 N+P 6.55 0.81 5.62 1.97
Sag Tussock (Comb.) 6 / 8 1993 N+P 9.69 2.19 8.63 2.29
Sag Wet Sedge 6 1993 P 4.12 1.42 4.29 1.63
Sag Wet Sedge 8 1993 P 4.53 0.62 4.96 0.44
Sag Wet Sedge (Comb.) 6 / 8 1993 P 4.42 0.60 4.78 0.56
Notes: CT = Control Plot, N+P = Nitrogen and Phosphorus Plot, P = Phosphorus Plot
Experiment (Figure 4.8B), and Toolik Outlet wet sedge 1995 Experiment 2 (Figure 4.8B) 
showed significant differences of 116, 61 and 231% between control and CH3F fluxes. 
This is likely more a measure of flux:flux variability within a small data set than a real 
difference attributable to disturbance by CH3F. Figure 4.9 portrays mean dark C 0 2  fluxes 
by site, year and treatment. The 1:1 line for C 0 2  flux with and without the presence of 
CH3F is shown. All of the data sets lie along this line within the standard error of the 
respective measurements suggesting that any bias in the C 0 2  measurements due to the 
presence of CH3F, if  present, is small. This provides confidence in the ability of our 
method to measure CH4  oxidation without greatly disturbing the soil microbial environment 
and flux regime.
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Figure 4.8. North Slope respiration (dark COj) values during unamended (CT) and 
CH3F amended (MF) flux measurements (A). Individual Experiments, 1995 (B). Sag 
River Wet Sedge 1993 (C). Sag River Tussock Tundra 1993 (D). Bars indicate standard 
error. Measurements obtained from Control (CT), Nitrogen and Phosphorus Fertilized 
(N+P), and Phosphorus Fertilized (P) treatment plots. Asterisks indicate plot not sampled. 
Site abbreviations: SG93, Sag River 1993; SG95, Sag River 1995; TL95, Toolik Lake 
Outlet 1995; FB95, Franklin Bluffs 1995; TUS93, Sag River Tussock Tundra 1993.
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Figure 4.9. Consistency of dark C 0 2  flux measurements during CH3F amended (MF) 
flux versus unamended flux (CT) measurements. Line indicates 1:1 CT:MF treatment 
respiration value. Bars indicate standard error. Measurements obtained from Control (CT), 
Nitrogen and Phosphorus Fertilized (N+P), and Phosphorus Fertilized (P) treatment plots. 
Site abbreviations: SG93, Sag River 1993; SG95, Sag River 1995; TL95, Toolik Lake 
Outlet 1995; FB95, Franklin Bluffs 1995; TUS93, Sag River Tussock Tundra 1993.
Discussion
Significant CH4 oxidation was found to occur in North Slope wet sedge communities. 
CH4 oxidation rates ranging from 0 to 88.7 mg CH4/m2/d were observed during the survey 
of unamended control sites. An even greater rate of consumption of 109.4 mg CH4/m2/d 
was measured in a wet sedge greenhouse plot The fraction of gross CH4 production lost 
to oxidation prior to emission ranged from 0 to 78.9%. These results suggest that CH4 
oxidation in North Slope wet sedge communities is highly variable at the meter scale of 
individual plots (Figure 4.3A). The spatial scale and magnitude of variability corresponds
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to that generally observed for net CH4  flux measurements in wetland soils [Crill et a l,
1988; Bartlett and Harriss, 1993; Moosavi et al., 1996]. Interannual variability was within 
the magnitude commonly seen in standard CH4 flux measurements. As with net CH4 
fluxes, however, aggregation of data to obtain regional flux results is necessary to gain an 
understanding of the landscape level effects of CH4 oxidation (Figures 4.2 and 4.4).
Average net CH4 flux rates of 52.5,50.6, 81.4, 91.8, 88.7, and 155.8) mg CH4/m2/d 
were observed at the Sag River 1993, Sag River 1995, Toolik Lake Outlet 1993, Toolik 
Lake Outlet 1995, Toolik Lake Inlet 1993, and Franklin Bluffs 1995 sites. Gross CH4  
production of 54.0, 64.6, 131.2, 113.5, 106.4, and 181.5 mg CH4/m2/d yielded CH4 
oxidation rates of 1.6, 14.7, 49.8, 25.2,17.6, and 24.9 mg CH4/m2/d at the Sag River 
1993, Sag River 1995, Toolik Lake Outlet 1993, Toolik Lake Outlet 1995, Toolik Lake 
Inlet 1993, and Franklin Bluffs 1995 sites. These oxidation rates exceed measured net 
CH4 uptake from drier upland tundra sites (0.2 to 2.7 mg CH4/m2/d) [King et a l, 1989; 
Whalen and Reeburgh, 1990a,b; Bartlett et al., 1992; Christensen, 1993] by a factor of 20. 
The CH4 oxidation values reported here are not inconsistent with potential CH4 oxidation 
rates measured on soil cores in the laboratory. Table 4.4 lists the results of studies in 
peatland communities in which potential CH4 oxidation rates were examined (Figure 
4 .10A). Subarctic taiga soil cores displayed potential CH4  oxidation rates up to 720 mg 
CH4/m2/d [Whalen and Reeburgh, 1996]. Potential CH4 oxidation rates of 290 mg 
CH4/m2/d were observed in tundra peat cores [Whalen and Reeburgh, 1996]. Calculated 
rates ranging from 489 to 8 6 6  mg CH4/m2/d are even greater [Whalen and Reeburgh,
1996]. Sundh et al. [1993] reported somewhat lower values, 1.78 to 262 mg CH4/m2/d, 
for peat cores from Sweden. CH4  oxidation potential was found to range from 34.6 to 
1270 mg CH4/m2/d for temperate peatlands in West Virginia, Massachusetts-, and Denmark 
[Yavittetal., 1988; King, 1990; Fechner and Hemond, 1992]. Potential CH4  oxidation 
rates in subtropical peatlands in Florida ranged from 3.5 to 1340 mg CH4/m2/d [King et al., 
1990; Epp and Chanton, 1993; Happell et a l, 1993]. Similarly, the deep aerobic cover
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Figure 4.10. Comparison of oxidation data from selected high CH4  source (peatland and 
landfill) sites (A). Note log scale of oxidation rate. Sites arranged by latitude. Oxidized 
CH4  fraction (B). Sites arranged as in A. Bars indicate range of data where reported. 
Asterisk indicates this study.
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Arctic Wetlands 5 0 -7 0 C - 30 Reeburgh, 1993
Arctic Wet Sedge 69 p  * 1.6 - 49.8 2 - 3 8 This Study
Arctic Peatland 6 8 P 1.78-262 - Sundh, 1993
Subarc. Floating Bog 64 p * 304 45 Chapter 3
Subarctic Dry Bog 64 p  * 1 . 8 49 Chapter 3
Subarctic Wet Bog 64 p * 33.6 45 Chapter 3
Subarctic Wet Bog 64 P 720 - Whalen, 1996
Wet Tundra Peatlands 6 0 -7 0 c 489 - 8 6 6 55 Whalen, 1996
Wet Tundra 6 0 -7 0 p 290 - Whalen, 1996
Temperate Bog 64 c 55.3 90 Fechner, 1992
Temperate Peatland 56 p 34.6 1 6 -9 7 King, 1990
Temperate Peatland 39 p 80 - 1270 1 1 - 1 0 0 Yavitt, 1988
Temperate Riparian 38 p * 1.4 - 3.6 0 - 9 0 Oremland, 1992a
Temperate Landfill 42 p 1100-70,000 1 0 - 2 0 Czepiel, 1995
Temperate Landfill 38 c 45,000 50 Whalen et al, 1990
Temperate Landfill 38 p 2 0 0 - Whalen et al, 1990
Subtropical Peatland 30 p * 44 .2-319 2 2 Epp, 1993
Greenhouse Peatland 30 p * - 69 Epp, 1993
Subtropical Bog 25 p 768 -1340 4 1 -9 3 HappeU, 1993
Subtropical Peatland 25 p 3.5 - 39.7 0 - 9 1 King et al., 1990
Notes: C = Calculated CH4 Oxidation Rate and Potential 
F = Field CH4 Oxidation Measurement 
P = Soil Core CH4 Oxidation Potential 
* = Techniques Involving CH3F
soils sitting atop large CH4 sources in landfills have oxidation potentials ranging from 1100 
to 70,000 mg CH4 /m2/d [Whalen et al., 1990; Czepiel et a l, 1996]. The structure of these 
sites is somewhat similar to wetlands in that a large subsurface CH4 source lies beneath a 
near-surface methanotrophic community.
The CH4 oxidation rates measured in this study are approximately an order of magnitude 
less than the potential rates observed in these peat cores experiments. They are, however, 
similar to actual measurements obtained from other field studies. Oxidation rates of 1.4 to 
3.6 mg CH4/m2/d measured using CH3F in a temperate riparian soil are similar to our lower 
oxidation rates [Oremland and Culbertson, 1992a]. Oxidation rates measured in a subarctic 
wetland complex in Fairbanks, Alaska ranged from 1.8 to 33.6 to 304 mg CH4/m2/d in a
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treed low-shrub bog, open Iow-shrub bog, and open floating graminoid bog respectively 
[Chapter 3]. The open low-shrub bog in the middle of this range most closely resembles 
the wetland structure and community composition found in North Slope wet sedge 
environments, perhaps accounting for the similarity in CH4 flux and oxidation observed in 
these sites. The 33.6 mg CH4/m2/d obtained from field measurements in the open low- 
shrub bog is a factor of 20 less than the potential CH4  oxidation rate (720 mg CH4/m2/d) 
determined for these same soils [Whalen and Reeburgh, 1996]. Oxidation rates in the more 
productive Fairbanks sites were of similar magnitude to values obtained using a CH3F 
technique in microcosms taken from a North Florida peatland (44.2 to 319 mg CH4/m2/d) 
[Epp and Chanton, 1993]. These results are roughly a factor o f 5 to 10 less than potential 
CH4 oxidation rates determined from peat cores from a Florida swamp [Happell et al, 
1993]. These results suggest that actual CH4 oxidation in the field may be restricted to 5 to 
20% of the potential CH4  oxidation determined from peat cores. This result agrees with the 
prediction by Whalen and Reeburgh [1996] that CH4 oxidation in wet tundra soils ranges 
from 12 to 22% of rates for CH4 oxidation.
The wide variety of observed and potential CH4 oxidation rates can be simplified if one 
considers the setting in which this oxidation takes place. All o f the sites discussed in this 
study are net sources of CH4  to the atmosphere. Methanogenesis exceeds methanotrophy 
by the varying amounts observed in standard flux measurements. The fraction of this 
methanogenic activity consumed by methanotrophs is of concern for it is a measure of the 
potential for changing net CH4  emissions. The fraction of CH4  oxidized in peatland soils 
varies across the entire range from zero to 100% from site to site (Figure 4.10B). Upland 
tundra sites in which net CH4  oxidation occurs would have values greater than 100% by 
this measure. The mean fraction of CH4 oxidation observed, however, is less variable with 
most arctic and subarctic sites in the range of 20 to 40% and 40 to 60% respectively. The 
former range agrees well with the 30% fractional oxidation rate proposed for arctic 
wetlands [Reeburgh et a l, 1993]. The fraction of CH4 oxidized in temperate and
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subtropical wetlands are similar at 60 to 90% and 30 to 70 % respectively. Landfill soils 
were observed to lose from 10 to 50% of their gross CH4  production to oxidation.
These percentages hold relatively constant in individual sites across 3 orders of 
magnitude of oxidation in wetlands (5 orders of magnitude if landfills are included). Data 
from this study (Figure 4.4) were internally consistent (-2.9 to 12.0% and 16.5 to 38.0% 
within Sag River and Toolik Lake sites respectively), and relatively consistent across three 
geographically separated sites (2 - 38%). The consistency of data from the moisture 
gradient in Fairbanks is particularly compelling in that field oxidation rates varying from 
1.8 to 304 mg CH4/m2/d yielded fractional oxidation rates from 45 to 49% [Chapter 3] and 
are close to estimates of fractional oxidation of 55% [Whalen and Reeburgh, 1996] for the 
same site. The first order kinetic response of CH4 oxidation to CH4  supply (soil 
concentration) [Whalen and Reeburgh, 1996] appears to be borne out by these results. Just 
as net CH4 flux is dependent upon the supply of CH4 provided by methanogenesis, so too 
it appears that CH4  oxidation rate is dependent upon this substrate.
The dependence of CH4  oxidation rates on CH4 flux suggests that many of the controls 
which determine CH4 production may also be important in determining oxidation. Of 
particular interest would be instances where the controls on CH4 production have 
differential affects on CH4 oxidation. Such differential affects could be the source of 
significant feedbacks to CH4  fluxes. The site manipulations examined in the treatment plots 
provide some insight into these effects.
Controls on Wetland CHt Oxidation
Water Table and Soil Moisture. Dominant variables controlling CH4 production 
and emission rates include soil moisture, depth of the water table, organic matter quality, 
soil nutrient levels, soil temperature, and quantity and type of vegetation. Soil moisture 
levels determine the efficiency o f  CH4  oxidation within the unsaturated zone by determining
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CH4 advection rates whereas depth of the water table determines the size of the unsaturated 
zone available for oxidation and the stratum in the soil at which maximum CH4  oxidation is 
likely to occur. Aerobic microbial activity has generally been found to be maximized at 
moisture contents near 60% [Skoppetal, 1990; Czepiel etaL, 1995,1996]. Oxidation 
rates were maximized where a minimum of interference with gaseous CH4 diffusion by soil 
moisture compensates for the adverse effects of increasing desiccation at lower moisture 
levels. Studies in landfills soils with an unsaturated zone moisture content in the range of 
11 - 16% [Whalen et al., 1990; Czepiel et al., 1995,1996] showed the greatest oxidation 
rates. Under these living conditions minimal interference with gaseous CH4  diffusion by 
soil moisture compensates for the adverse effects on methanotrophs of increasing 
desiccation at lower moisture levels. Desert [Striegl et al., 1992], dry tropical forest 
[Keller et al., 1990], boreal forest [Moosavi and Crill, 1997\, and subarctic peatland 
[Moosavi et al., 1996] soils with moisture levels below the optimum show declines in CH4 
oxidation rates. Similarly, temperate forest [Crill, 1991; Castro et al., 1994] and landfill 
[Whalen et a l, 1990; Czepiel et al., 1996] soils whose moisture content rose above the 
optimum level displayed reduced CH4 oxidation rates until soil moisture levels returned to 
lower levels. CH4 oxidation rates become independent of soil moisture at levels above 
41%, the point at which aqueous gas diffusion becomes dominant over gaseous diffusion, 
depending on soil texture and field capacity [Whalen et al., 1990]. Soil moisture levels 
also determine the potential for methanogenesis by regulating the frequency of anaerobic 
microsites within the unsaturated zone. While instances of unsaturated zone CH4 
production exist [Adamsen and King, 1993; Moosavi, 1994], the rates involved are not 
significant compared with oxidation. It has been postulated that the sensitivity of CH4 
oxidation rates to soil moisture content may lead to significant episodic CH4  oxidation in 
association with precipitation events [Adamsen and King, 1993]. At least one such event 
was observed in a subarctic treed low-shrub bog [Chapter 3].
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Observations within the wet sedge environments examined in this study were restricted 
to conditions where water table and soil moisture are relatively constant within and between 
years, causing any changes CH4  oxidation to be independent of changes in soil moisture. 
The continuously saturated nature of wet sedge soils with a water table at or near the 
surface, creates a stable interface between the anaerobic soil zone available for 
methanogenesis and the zone of oxidation at the water table. The close proximity of the 
water table to the soil surface reduces the significance of oxidation in the unsaturated zone. 
The supply of CH4  available by advection from the atmosphere was not significant in 
comparison to the subsurface source o f CH4. Reduction in the water table could expand 
the path length traversed by CH4 before reaching the free atmosphere, thereby increasing 
the residence time of CH4 in an environment conducive to oxidation. Such an increase in 
path length has been predicted to increase CH4 oxidation relative to production such that an 
oxidized soil layer from 10 to 42 cm in thickness [Whalen and Reeburgh, 1996] could 
conceivably oxidize all CH4 produced which does not circumvent the oxidized zone via 
plant conduits [Morrissey and Livingston, 1992; Whiting and Chanton, 1993]. (This 
prediction is not supported by our results.) An increase in diffusion path length is unlikely 
to increase oxygen limitation to methanotrophs at a lowered water table as the rate of 
gaseous diffusion above the water table exceeds aqueous diffusion below the water table by 
four orders of magnitude [Skopp et a l,  1990]. The difference in diffusion rates at the 
water table/atmosphere interface accounts for the observation that CH4 oxidation in flooded 
soils is restricted to the narrow soil zone at the water surface [Whalen and Reeburgh,
1996].
Nutrient Effects. An important side effect of water table depth is the stratum in the 
peat where the balance between oxygen and substrate supply are appropriate for CH4  
oxidation. The proportion of organic carbon readily available for microbial decomposition 
has been found to decrease with depth in the soil [Yavitt et al., 1988; Nadelhoffer et al.,
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1991]. Given that differences in microbial respiration at the cold soil temperatures typically 
observed on the North Slope (Figure 4.1) have been found to be dependent upon organic 
matter quality [Nadelhoffer et al, 1991], changes in the location of the water table in the 
soil could drastically alter the size and productivity o f the methanogenic microbial 
community upon which the methanotrophs depend for substrate. A drop in the water table 
is likely to cause a shift toward increased aerobic decomposition of peat to C 0 2  rather than 
anaerobic decomposition to CH4 [Moore and Knowles, 1989].
Further complications arise when soil nutrient status is considered. Nutrient availability 
in arctic ecosystems is determined by the competing interactions of soil organic matter 
quality and soil microclimate on microbial and plant activity [Nadelhoffer et al, 1997]. The 
balance between nutrient (particularly N and P) and carbon availability and allocation 
between plants and microorganisms is vitally important in determining carbon storage rates 
in arctic peatlands [Shaver et al, 1992]. It has been observed that 3% of daily net 
ecosystem production is returned to the atmosphere in the form of CH4  [Whiting and 
Chanton, 1993]. Whether this rate of anaerobic decomposition and the methanotrophic 
community it supports are sustained depends upon nutrient interactions under changing 
conditions.
The results of our experiments in the nutrient plots reveal possible implications for trace 
gas emissions under altered nutrient regimes. Our dark C 0 2  data reflect total ecosystem 
respiration rates (Figure 4.11). Respiration rates in the wet sedge control plots were 
somewhat less than rates observed at Imnavait Creek of 4.4, 6.2 and 7.7 g CO^mVd in 
riparian Eriophorum, riparian Carex and tussock tundra respectively [Oberbauer et a l, 
1996]. They were far less than fluxes observed at the Sag River N+P plots. The 
increased respiration rates with fertilization are expected as phosphorus is limiting in both 
wet sedge and tussock tundra at the Sag River [Shaver and Chapin, 1995], perhaps due to 
isolation from the mineral soil source of phosphorus by a thick peat mat and permafrost in 
wet sedge environments [Nadelhoffer et al., 1991]. As is more often the case in wet sedge
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tundra, nitrogen is the limiting nutrient at Toolik Lake and Franklin Bluffs [Shaver et al., 
1998]. The greater increase in respiration and biomass observed in the N+P versus P only 
treatment suggests that only addition of both nitrogen and phosphorus relieves limitations 
to growth in this nutrient poor environment
The improved soil nutrient supply and increase in net ecosystem production, and 
presumably increased litter production, root exudation of organic matter, oxygenation by 
increased root mass, and growth of conduits for CH4 emission within graminoid species, 
might have been predicted to increase the rates of CH4 production and oxidation. This was 
not the case for either CH4 flux (Figure 4.12A) or oxidation (Figure 4.12B). Instead, CH4  
flux rates were 50 and 25% and oxidation rates were 60 and 10% of controls in the N+P 
and P sites. The form of fertilizer (NH4N 0 3) could be one cause, as NH4+ and N 0 2" are 
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Figure 4.11. Summary of North Slope respiration (dark COJ results. Site abbreviations 
and Treatments as in Figure 4.8. Bars indicate standard error.
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CH4  oxidation. Inhibition ranging from 59 to >99% has been observed depending upon 
the form of fertilizer [Adamsen and King, 1993; Hiitsch et a l,  1993; Bronson and Mosier, 
1994; Schnell and King, 1994; Dunfield and Knowles, 1995]. The concentration of CH4 
present was also found to be a factor in determining the strength of inhibition with 59% 
inhibition at ambient atmospheric CH4 levels rising to >99% at 11,000 ppmv CH4 [Schnell 
and King, 1994], the value typically seen just below the water table in wetlands. Further, 
experiments have shown that past addition of NH4+ can inhibit CH4  oxidation long after 
NH4+ levels have returned to normal [Nesbit and Breitenbeck, 1992]. Given the 
observation that nitrogen dynamics in the Sag River wet sedge are dominated by NH4+ and 
N-mineralization [Giblin et a l, 1991], one might conclude that CH4 oxidation in these plots 
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Figure 4.12. Treatment effects on CH4  flux (A), oxidation (B) and oxidized fraction (C). 
Treatments include Control (unamended), Nitrogen and Phosphorus (N+P) fertilized, 
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Figure 4.12. continued.
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terrestrial CH4 sink which some have predicted for areas of increased anthropogenic NH4+ 
deposition [Schnell and King, 1994].
The data in Figure 4.12C dispute such a conclusion, however. As observed in the CT 
plot experiments, CH4 oxidation, as a fraction of the gross CH4  production, appears to be 
relatively unaffected within the treatment plots. With the possible exception of the 
phosphorus addition, CH4  oxidation continues to consume between 5 and 20% of the 
overall CH4 production. The lower oxidation rates observed in the treatment plots merely 
reflect the reduction in overall CH4 supply to the sites. Data from temperate agricultural 
soils [Hiitsch et aL, 1993] and landfills [Whalen et al., 1990; Czepiel et a l, 1996] suggest 
that increasing the supply of substrate for CH4 oxidation, Le. increased methanogenesis 
from increased organic matter contents, can overcome the inhibitory effects of high 
nitrogen concentrations. This can be reconciled with observations of NH4+ inhibition of 
CH4 oxidation in upland soils by noting that one effect of nitrogen addition is to increase 
the threshold for initiation of CH4 oxidation to greater than 3 ppmv [Adamsen and King, 
1993]. Such an increase in the threshold would disable the ability of CH4-poor upland 
sites to oxidize CH4 while leaving CH4-rich wetland and landfill sites able to oxidize CH4 at 
rates determined by CH4 supply, as was seen in linear increases in oxidation with CH4 
supply in soil slurries [Dunfield and Knowles, 1995].
Temperature. The cause of the observed treatment effects can be discerned from the 
CH4 flux (Figure 4.12A) and oxidation (Figure 4.12B) rates for the greenhouse.plots. 
These fluxes represent 200 and 180% of control values respectively, greatly surpassing 
their counterparts while maintaining the same fractional CH4  oxidation as observed in CT 
and N+P plots (Figure 4.12C). CH4 production and consumption rates have been 
accelerated within the greenhouse sites relative to control sites presumably due to enhanced 
soil temperature. Similarly, reduced soil temperatures within the N+P plot caused by 
shading have reduced the rate of CH(, cycling relative to controls. Soil temperature
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measurements during the summer of 1994 (June 11 to August 22), by Shaver et al. [in 
press] show that total cumulative degree days over the top 25 cm at the Sag River Site were 
76 and 73 % of CT in the N+P and P treatments respectively. Similarly the Toolik Lake 
Inlet Site cumulative degree days were 77,101, and 130 % of CT in the N+P, P and 
greenhouse plots respectively [Shaver et al., 1998]. If we assume a representative Q, 0  
values for CH4 production of 7.65 observed in subarctic peat cores [Moosavi, 1994], and 
utilize the mean daily temperature data for the summer of 1994 [Shaver et a l, 1998], one 
would expect CH4 production to be 76 (29) and 126 (136)% in the N+P and greenhouse 
plots at Toolik Lake Inlet, 125 (97) and 136 (182)% in the N+P and greenhouse plots at 
Toolik Lake Outlet, and 73 (74) and 76 (56)% in the N+P and P plots at the Sag River 
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Figure 4.13. Predicted versus observed CH4  emissions from unamended flux 
experiments where soil temperature (as measured by heating degree days in the individual 
sites from Shaver et a l, 1998) is used to modify flux rates as discussed in the text. 
Treatment abbreviations as in Figure 4.8.
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observed. Within the gross assumptions in temperature data and Q) 0 value, this comparison 
suggests that temperature effects on CH4  production explain a great deal of the treatment 
plot effects. CH4  oxidation continues to track CH4  supply as measured by flux (Figure 
4.12C). The temperature control on CH4  oxidation in our wet sedge sites stands in contrast 
to the effects of moisture control observed in drier sites. Our data support the conclusion 
[Whalen and Reeburgh, 1996] reached from a comparison of dry taiga soils in the Bonanza 
Creek Experimental Forest to wet bog soils in Fairbanks which found that CH4 oxidation 
rates in dry soils were dependent upon soil moisture whereas oxidation in wet soils was 
more dependent upon temperature. The more than 100-fold higher oxidation potential 
measured in cores from the wet bog soils are also in line with our observations of high CH4 
oxidation in wetland sites. Using CH4  production as a proxy for anaerobic soil microbial 
activity, it appears that total anaerobic activity is reduced in the fertilized plots and enhanced 
in the warmer Greenhouse plots.
These results suggest that anaerobic decomposition of soil organic matter, either as peat 
or root exudates, cannot explain the increased respiration rate observed in the Toolik and 
Sag River fertilized plots. Rather the increased respiration rate relative to gross ecosystem 
production observed by Shaver et al., [in press] is more likely to be the result of increased 
aerobic activity in the vegetation itself, an alternative they suggest.
Implications for Climate Change
The results of this study suggest that the hydrologic and thermal states of wet sedge and 
other tundra environments are important in determining CH4  oxidation rates. Hydrologic 
models of the arctic response to environmental conditions predicted for the next century 
suggest that a 4°C increase in temperature will cause net evapotranspiration to increase 
unless a 15% increase in precipitation is also observed [Hinzman and Kane, 1992]. The 
heating and drying accompanying such a change will increase the depth of the active layer
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in arctic soils by 40 cm and could result in the creation of a perennially unfrozen soil layer 
between the surface and permafrost [Hinzman and Kane, 1992]. Decline of the permafrost 
floor through formation of such a talik could exacerbate moisture stress during the summer 
active period by allowing increased drainage in organic soils [Kane, 1997].
Where increased drainage lowers the water table into peat profiles of poor organic matter 
quality, the rate of CH4  production is likely to decline [Yavitt et aL, 1988], simultaneously 
reducing the rate of CH4 oxidation as the CH4 source strength decreases. CH4 oxidation 
appears likely to remain restricted to a narrow soil stratum at the surface of the water table 
[Whalen and Reeburgh, 1996]. However, the close correlation between CH4 oxidation and 
CH4 supply as measured by fractional CH4 oxidation suggests that increases in the aerobic 
to anaerobic soil ratio will not significantly affect oxidation by direct increases in the size of 
the aerobic environment, but rather by altering the overall quantity and quality of the soil 
environment available for methanogenesis. Both net CH4 flux and CH4  oxidation could 
conceivably increase in sites where increases in the depth of the active layer exceeds 
increased evapotranspiration and runoff.
The differential effects of thaw period and overall soil temperature between the cold, 
deep subsurface soils available to methanogenesis as compared to the warmer, shallower 
soils inhabited by methanotrophs might suggest an increase in CH4 oxidation over 
production. This increase is likely to be ameliorated by the relative insensitivity of CH4 
oxidation to temperature [King and Adamsen, 1992; Dunfield et al., 1993] (Q, 0  between 
1.2 and 2.4) as compared to that for CH4 production (QI0 between 1.0 and 20.5). The 
dependence of methanotrophic activity on prior production of CH4 should also not be 
discounted. An increased high quality organic carbon input to arctic soils either through 
increased litter production or root exudation by enhanced vegetative biomass under a 
warmer climate [Shaver et al., 1992] could enhance the microbial cycles of CH4 production 
and oxidation as well [Whiting and Chanton, 1993].
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CH4 Flux From Boreal & Arctic Wetlands:
A Story of Multivariate Interactions & Feedbacks
Observations of CH4 fluxes along moisture gradients in an old black spruce paisa and 
adjacent to an active beaver pond suggest that water table level and soil temperature are the 
primary determinants of the magnitude of CH4 sources and sinks and their location in the 
peat profile. High rates o f CH4 flux to the atmosphere are restricted to sites exhibiting both 
high water table and soil temperature such as the beaver pond itself and the adjacent 
inundated mire. Cold temperatures restrict CH4  flux from the old black spruce paisa fen, 
despite its inundation. Upland sites dominated by lichen, Sphagnum moss and feather 
moss along both transects appear nearly in balance with, or are predominantly sinks for 
atmospheric CH4. The potential for the conversion of these sites to CH4 sources by an 
increase in the height of the water table was suggested by the late season flux behavior of 
the beaver pond Sphagnum Moss site. The importance of hot spot CH4  sources contained 
within wetlands against a background of low level upland CH4  sinks is emphasized by this 
study. While vegetative cover can provide a substantial amount of information regarding 
CH4  flux potential, a full understanding of the behavior of CH4  sources and sinks in the 
boreal zone requires knowledge of soil temperature and water table over the course of the 
field season. This is particularly important in the transition zone from uplands to wetlands, 
where small changes in environmental conditions can alter the behavior of a site. The 
presence of discontinuous permafrost in many boreal regions acts to further complicate 
assessment of CH4  flux by the use of surface vegetation. The assessment potential for dark
180
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C 0 2  fluxes along environmental gradients does not appear to be as complicated, given the 
similarity in flux rates from equivalent vegetation types across the upland sites of both 
transects. Measurements of C 0 2  uptake must be integrated in order to obtain a full 
understanding of the dynamics of carbon from these systems. To be effective, any 
attempts at prediction of the trace gas effects of and feedbacks to global climate change 
must address the small scale variability in soil temperature and water table of wetlands and 
their transition zones.
A selective inhibitor technique, utilizing CH3F, was developed for directly measuring 
CH4 oxidation in wetland soils. While less than an ideal inhibitor, CH3F can be used 
successfully in wetlands to measure CH4 oxidation, provided significant efforts are 
undertaken. CH4 oxidation was found to occur in all wetland environments studied 
regardless of soil moisture. Wet sites were found to have the greatest CH4  oxidation rates. 
Oxidation within specific sites was found to consume a relatively constant fraction of CH4 
despite emissions varying over 3 orders of magnitude, suggesting that methanotrophic 
activity is dependent upon CH4 source strength.
Generally unrecognized hot spots of methanotrophic activity on the North Slope appear 
to be concentrated in the surface soil horizons of wet sedge ecosystems and perhaps all 
arctic wetlands. Rates of CH4  oxidation are sufficiently high to influence carbon cycling in 
these ecosystems under current and future climatic conditions. CH4  oxidation rates in arctic 
wet sedge appear to be dependent upon CH4  supply. As such, environmental controls on 
CH4 oxidation are similar to those for CH4  production seen along peatland moisture 
gradients [Moosavi et al., 1996]. Sites in which high moisture levels and water tables 
enable creation of strong CH4 sources will support high rates of CH4 oxidation, with 
temperature controls on production ultimately determining CH4  oxidation by determining 
the rate of CH4 supply. Dry sites unable to support a strong CH4 source will be more 
variable in their rates of CH4  oxidation with soil moisture, depth of the unsaturated zone, 
and inhibition by nitrogen compounds being the dominant environmental regulators of flux.
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Such a diverse control structure results in great spatial and temporal variability, creating 
substantial opportunity for feedbacks to global climate change. The overall magnitude of 
the global CH4 sink from terrestrial sources will likely depend upon changes in the relative 
spatial coverage of upland to wetland with uplands continuing to provide a small to 
moderate sink for CH4  while wetlands remain a net source of CH4 with a relatively constant 
fraction of CH4 being recycled internally to C 02.
The following picture of boreal and arctic CH4  cycling can be constructed from this 
research. Net CH4  flux is dependent upon the interaction of soil moisture and temperature. 
High water tables are a requirement for sites to be significant CH4 sources. Soil 
temperature has an exponential effect on CH4 flux in all environments in which soil 
moisture is not limiting. Cold sites influenced by shallow permafrost (Old Black Spruce 
Fen) have lower than expected CH4  emissions due to the inhibiting effect of low 
temperature on methanogenesis. Warm sites (Beaver Pond) are large sources of CH4  
when soil moisture and temperature are both favorable for methanogenesis. Dry sites are 
dominated by CH4  oxidation regardless of temperature.
CH4 oxidation occurs in all environments regardless of soil moisture. Wet sites have the 
greatest CH4 oxidation rates, with 20-70% of gross CH4 production being consumed prior 
to emission. Oxidation within specific sites consumes a relatively constant fraction of CH4 
despite emissions varying over 3 orders of magnitude, suggesting that methanotrophic 
activity is dependent upon CH4 source strength.
Field and core studies within drier sites suggest a similar pattern, with the dominance of 
oxidation within dry sites arising from the lack of a significant CH4  source. Conversion of 
a relatively dry site (Beaver Pond Sphagnum Moss) dominated by CH4  oxidation to a 
moderate CH4  source at the time of a rising water table agrees well with the stimulation of 
CH4  production and oxidation observed within a dry bog site (Lemeta Bog Dry) following 
a rain event Both suggest that dry CH4 sink environments can be converted to CH4 
sources with a sufficient increase in soil moisture. Combined with numerous studies
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portraying the decline in CH4 source strength with declining soil moisture levels, these 
findings suggest that CH4  source and sink strengths are tightly coupled with soil moisture 
availability.
Significant feedbacks of CH4  emissions to changes in environmental moisture should be 
expected, with effects of temperature moderating the magnitude of these changes. While 
global climate models need to incorporate plot level soil moisture conditions to adequately 
predict the effects of climate change on CH4  cycling, the apparent dependence of CH4 
oxidation on local CH4 supply may serve to simplify these calculations at the regional to 
global scale.
What might such a model look like? If this discussion is limited to sites bearing a 
significant source of organic matter and inhabited by methanotrophs and methanogens, one 
must concentrate on soil moisture and water table levels. A hypothetical relationship 
between soil moisture, CH4  production and CH4 oxidation might look something like 
Figure 5.1. The field sites examined in this study can be thought of as examples of specific 
cases along these curves (Figure 5.2). The case of a hypothetical landfill is also included 
as it may be an example of how addition of an unusually rich substrate (garbage) can cause 
an “upland” site to behave more like a wetland site such as the floating mat in its overall 
CH4 cycling characteristics.
Net CH4 oxidation in the site occurs at low soil moisture levels. CH4 oxidation is 
precluded below a minimal moisture level, but rises linearly with increasing soil moisture. 
The CH4  supply in this initial stage is diffusion limited transport from the atmosphere. At a 
somewhat higher miminum moisture level, CH4 production begins in anaerobic microsites 
within the soil. This augments the local CH4  supply allowing the CH4  oxidation rate to 
increase. As soil moisture increases, CH4 production rises and becomes increasingly 
dominant. CH4 oxidation also rises, but consists of larger and larger fractions of locally 
produced CH4.

































Figure 5.1. Qualitative Interrelationships between soil moisture, soil temperature, CH4 
production and CH4 oxidation. Note the effects on observed (net flux) and fractional CH4  
oxidation.
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Figure 5.2. The Lemeta Bog Transect: Glimpses into the balance between CH4  
oxidation and production under varying conditions of temperature and soil moisture. Dry 
Site-July (a); Dry Site-August Pre Rain Event (b); Dry Site-August Post Rain Event (c); 
Wet Site-June (d); Wet Site-August (e); Mat Site-June (f); Mat Site-August (g); 
Hypothetical Landfill (h).
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Figure 5.2 continued.
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At a critical soil moisture level below 100% soil moisture, CH4  production will exceed 
oxidation. This is the point at which a site will be observed to switch from a net CH4  sink 
to a CH4  source. As soil moisture increases beyond this point, both CH4 production and 
oxidation increase, but oxidation remains limited to a certain fraction of production based 
on the methanotrophs ability to capture locally produced CH4 relative to avoidance of 
oxidation through loss by plant conduits or other forms o f evasion of the aerobic soil zone.
The above constructs assume that soil temperature remains constant as soil moisture 
changes. In reality, the effect of soil temperature on the balance between oxidation and 
production should not be ignored. Clues into the possible response of this balance to 
changes in temperature may be found in the Lemeta Bog CH4  oxidation data from June and 
August, 1993. While the data are extremely sparse and should not be overinterpreted, the 
higher fractional CH4  oxidation (60-70%) observed in June relative to August (45%) in the 
wet and mat sites is compatible with our knowledge about temperature effects on 
methanogens and methanotrophs. The QI 0  observed for methanogenic reactions in peat 
cores from this site is approximately 2 . 8  relative to a value of 1 . 2  typically observed for 
methanotrophs from peatlands. This suggests that, as soil temperatures rise over the 
summer, CH4 production will be stimulated to a greater extent than CH4 oxidation. This 
phenomenon could account for the decline in the relative fraction of CH4 oxidized as overall 
CH4 oxidation rates increased from June to August. The CH3F technique provides us the 
opportunity to test this hypothesis in a wetland site with a large seasonal range in 
temperature.
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The Next Step: Whv are We Here?
This brings me to the final topic that should be discussed, where do we go from here. 
The next logical step in pursuit of this work would be to monitor a wetland hydrologic 
gradient’s CH4 oxidation and fractional oxidation rates over the course of several field 
seasons. Manipulations of the field sites to test different conditions of soil moisture and 
temperature would provide quantification to some of the relationships proposed for this 
model. These are certainly worthwhile projects which I would be interested in pursuing, 
though it is less my interest rather that of the federal research agencies that will determine 
whether or not such studies are ever performed.
On a more important level, however, what exactly is the point, when all is said and 
done, of conducting environmental research of this type? Supposedly, the scientific 
community is funded to investigate environmental problems, such as potential global 
warming and climate change, to help advise society on various courses of action which 
society can take to mitigate the adverse effects of our own excesses. A great deal of 
scientific research is being conducted as attested to by the deforestation needed to. produce 
the exponential growth of scientific articles published each year. Scientists have begun to 
understand the most basic elements of biogeochemical cycling and ecosystem function.
But has science actually successfully contributed to the advisement of society in 
environmental matters? I submit that delivery of policy recommendations to government 
officials alone does not suffice. In a democratic society these officials ultimately can only 
implement policies that are understood and supported by the people. Environmental 
problems such as global warming are not scientific problems. They are political problems. 
My observations on public knowledge of science suggest that science has utterly failed to 
communicate the relevance and believability of its recommendations to the public. Modem 
research science is ill-equiped to fulfill its role of giving effectual advice for developing 
policy because it has become disconnected from the true body needing to be impressed.
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The true judges of the merit of scientific research are not within NSF or NASA or any other 
federal agency. Rather they are in the body politic.
Since the lay person lacks the time and expertise to read scientific papers and assess the 
validity of the research, he or she must rely on their belief in the integrity and wisdom of  
the scientist in taking into account all the relevent scientific and human concerns. As in our 
own research, the public’s belief in the credibilty of scientists is based on factors more 
easily understood by the average citizen, such as impressions of integrity, conflict of 
interest, public speaking, and how scientists conduct themselves in their own field.
What do the public’s proxies for the integrity of the scientific establishment tell them? 
Science has become so self-centered and arrogant that it does not take the time to explain its 
findings to the public in useful ways. One sees this most dramatically in the negative 
attitude shown toward teaching by many, if  not most, of the research faculty I have worked 
with. Teaching the next generation of young people is the single most profound way to 
influence and guide the making of future social policy. Despite this fact, teaching is 
relegated to a station below cleaning gutters. Even those who do, on some level, 
acknowledge the relevance of teaching seem to limit their interest and investment to those 
science majors whom they hope to put to work (employ implies remuneration for work 
which generally does appear to be on the scientist’s mind). Scientists ignore the vast 
majority who will not spend their whole lives studying science, but who certainly would 
benefit from a knowledge of how their life style; be it the car they drive, the food they eat, 
or the power plant they run; affects the environment we all share. The problem extends far 
beyond the status of teaching relevant to research.
Why should the public trust that scientists have accounted for the public’s interests in 
studying topics such as global change and environmental matters when scientists show 
such disregard for the human capital in their own field? Why should the public trust the 
judgement of an industry (federal science) that cannibalistically consumes its own young 
through lack of support while maintaining surplus spending for the elite (conferences,
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research toys, $25,000 salaries for researchers “teaching” classes). The type of 
exploitation demanded by science of postdocs, graduate students, junior faculty, work 
studys, etc. has been shown to be an unsound business practice in every other industry and 
is somewhat regulated by the very labor laws from which science arrogantly exempts itself 
under the guise of “education”. The unemployability of the hordes of scientifically trained 
individuals is a reflection of the refusal of science to accept its place as advisor within a 
finite society, not as an area for exponential growth for the sake of individual researchers.
That scientists knowingly and willingly accept the continuation of such a barbaric 
system indicates profound short-sightedness and ethical lapses within the scientific 
community itself. Should not th; public question whether such critical lapses in judgement 
extend to other areas of scientific thought? Is it not only possible, but likely, that the 
perceived self-interest of individual investigators such as fulfilling a research mandate to 
find a particular atmospheric phenomenon might lead to errors in the design, 
implementation or interpretation of experiments? Why should the public believe that 
science can help us move to a sustainable world when science cannot even establish a 
humane and sustainable system for treatment of its own workers? Given the human state 
of affairs in the conduct of science, it is no wonder that scientific credibility on 
environmental issues is questioned by so many, as the recent public debate on the EPA 
particulate regulations shows. For science to effectively give advice on the development of 
political solutions to environmental problems, it must first get its own house in order. A 
profession that cannot treat its own members justly will not succeed in inspiring the public 
to act upon its recommendations. All the good data and insight in the world will not save us 
from our problems, if people do not have access to, or faith enough to act upon it. This is 
the greatest obstacle facing scientists in their attempts to understand and ameliorate 
problems such as global warming.
That such highly educated people imperil the ability of science to achieve its ultimate 
mission is indicative of the difference between the human qualities of intelligence and
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wisdom. Science is full of intelligent people. Intelligence makes it possible to do many 
things. But intelligence should not be confused with wisdom. Wisdom guides us in 
determining whether we SHOULD do a thing. The great guiding lessons of human history 
emphasize again and again that it is wisdom, not intelligence, which drives the progress of 
our civilization. If we are to solve our environmental problems, we need to show more 
wisdom than has been seen of late.
For the scientific community’s advice on environmental matters to be taken seriously by 
the public, the public must have faith that scientists make WISE, fair and objective 
judgements. A fundamental reemphasis of the goals and reward structure in science must 
occur if it is to survive. The scientific community must bring about changes in its 
professional practice to achieve a more just and sustainable work environment. An 
important first step would be for scientific societies to end their collusion with the 
exploitive federal research system by refusing to participate in federal science programs that 
do not meet minimal worker standards on compensation, unemployment, health insurance, 
job security, etc. Further, science must work to remove the emphasis currently given to 
maintaining the mass quantity of research by reallocating resources to communcation of 
relevent scientific results in a method that is useful to the public. Only when such reforms 
have been initiated will the insights obtained in this thesis, and the countless other scholarly 
works produced by environmental science, have a chance to achieve their full potential of 
making a better world. It is my hope that I will live to see the day that science becomes a 
wise profession.
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APPENDIX A
Water and Ice Table Depths











Water Ice Water Ice Water Ice Water Ice
147 NO > 2 0 NO 2 0 NO 2 0 0 2 0
152 NO 25 NO 25 NO 25 5 30
159 NO 30 NO 30 NO 30 5 25
171 25 30 25 >30 30 30 0 >30
179 NO >25 NO >30 2 0 >30 0 >30
185 NO >25 NO >30 2 0 >30 0 >30
194 NO >30 NO >30 25 >30 0 >30
2 0 1 NO >30 25 >30 25 >30 0 >30
208 NO >30 NO >30 30 >30 0 >30
213 NO >30 NO >30 30 >30 0 >30
234 NO >30 NO >30 NO >30 1 0 >30
242 NO >30 NO >30 25 >30 1 0 >30
249 NO >30 NO >30 25 >30 1 0 >30












Water Ice Water Ice Water Ice Water Ice
146 NO 15 NO 15 0 15 0 NO
151 NO 25 NO >30 0 2 0 0 NO
167 NO 33 1 0 45 0 >25 0 NO
172 NO 35 1 0 >30 0 >30 0 NO
181 NO >30 NO >30 1 0 >30 1 0 NO
189 NO >30 15 >30 0 >30 0 NO
195 NO >30 1 0 >30 0 >30 0 NO
199 NO >30 1 0 >30 0 >30 0 NO
206 NO >30 1 0 >30 0 >30 0 NO
214 NO >30 1 0 >30 0 >30 0 NO
235 NO >30 2 0 >30 0 >30 0 NO
243 NO >30 2 0 >30 0 >30 0 NO
248 NO >30 15 >30 0 >30 0 NO
256 NO >30 NO >30 0 >30 0 NO
Notes: Depths measured in cm from the mean vegetative surface in the collars.
NO = Water table not observed in the top 30 cm.
Ice often were not observed in the top 30 cm but are known to be present at depth.







































140 4.7 0 . 2 NA 8.7 4.2 NA 6.9 1.4 NA NA NA NA
147 16.3 7.6 -0.4 16.8 5.6 - 1 . 6 25.1 16.2 0.5 NA NA 5.4
149 1 0 . 1 3.1 NA 14.7 6 . 1 NA 15.1 4.8 NA NA NA NA
152 1 0 . 0 4.8 0.3 11.3 5.0 0 . 2 19.2 1 0 . 2 1 . 8 NA NA 4.2
159 10.9 5.6 0 . 1 16.3 6 . 2 -1.4 2 0 . 2 7.8 0.7 1 1 . 6 7.7 4.8
178 17.2 1 1 . 6 NA 20.4 13.5 NA 16.7 9.0 NA NA NA NA
179 13.9 8 . 2 2 . 8 14.4 7.3 1 . 8 17.4 9.0 1.4 9.6 7.3 7.1
185 12.4 1 0 . 0 3.6 1 1 . 6 8.4 2 . 8 12.3 8.7 1.4 8 . 6 5.9 5.6
194 15.9 9.6 4.2 17.2 8.5 1.9 14.5 5.7 1 . 1 8 . 8 8 . 2 8
2 0 1 19.9 14.4 6 . 2 2 0 . 6 12.7 3.6 21.3 1 1 . 6 2.5 1 1 . 8 8.9 7.8
207 2 2 . 0 1 0 . 6 NA 19.1 11.9 NA 18.0 9.1 NA NA NA NA
208 11.9 6 . 1 2 . 2 12.5 4.9 1 . 6 11.7 5.2 1.7 8 . 2 6.4 6.9
213 18.1 9.4 5.2 18.6 1 1 . 2 3.6 17.0 9.6 2.5 1 1 8.7 8.5
2 2 0 9.7 5.6 NA 11.9 7.6 NA 8.3 5.8 NA NA NA NA
226 11.9 9.3 NA 16.5 10.7 NA 20.3 11.5 NA NA NA NA
233 1 0 . 2 8 . 0 5.2 10.4 7.3 4.8 9.0 6.9 2.9 9.7 8 . 2 7.7
242 7.6 6 . 0 4.3 9.7 6 . 6 4.1 9.2 6.5 2.4 7.1 7.2 7.6
249 NA 4.5 3.8 7.7 5.5 4.7 5.0 3.7 3.1 5.6 6 . 1 NA
255 NA 2.7 3.4 6.3 4.4 4.4 3.1 2 . 8 2 . 8 4.8 5:2 NA
Old Black Spruce Transect: Aluminum Collars
Feather Moss Site Lichen Site Fen M argin Moss Site
Julian C-OBS C-OBS C-OBS C-OBS C-OBS C-O BS
Day 1  & 2 3 & 4 5 & 6 7 & 8 9 & 10 1 1  & 1 2
1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0
cm cm cm cm cm cm cm cm cm cm cm cm
140 1.4 -0.5 7.9 0.9 12.7 6 . 1 4.7 2.3 NA NA 6.9 1.4
149 9.6 2 . 6 10.5 3.5 18.8 9.0 1 0 . 6 3.1 12.3 3.4 17.9 6 . 1
152 8 . 2 3.6 1 1 . 6 6.3 14.1 4.5 1 0 . 8 6 . 2 13.5 2 . 8 17.4 8 . 1
159 11.5 6 . 0 13.3 8.7 16.4 5.4 26.1 12.3 16.3 3.7 16.8 8 . 6
171 NA NA NA NA NA NA NA NA NA NA NA NA
178 15.6 9.3 18.8 13.9 23.2 14.1 17.5 1 2 . 8 15.5 5.7 17.9 12.3
185 10.9 1 0 . 8 14.9 11.4 11.9 8 . 1 12.9 10.7 1 1 . 6 7.1 15.0 12.3
194 17.8 8 . 2 18.5 1 2 . 2 18.8 7.0 17.8 13.0 16.6 4.4 16.3 1 0 . 6
2 0 1 17.7 12.3 23.5 18.5 25.6 12.4 23.1 18.8 19.8 1 1 . 6 2 2 . 8 14.1
207 17.2 8.9 26.8 1 2 . 2 19.0 9.9 19.2 13.8 16.9 6 . 2 19.1 1 2 . 0
213 22.9 1 1 . 1 22.9 1 1 . 1 20.4 1 2 . 0 2 2 . 8 17.5 2 0 . 0 1 1 . 0 23.6 14.7
2 2 0 9.9 4.9 9.4 6.3 14.1 8 . 2 9.6 6.9 7.3 3.5 9.3 8 . 0
226 11.4 6 . 1 12.4 12.4 15.0 8.5 18.0 12.9 17.7 9.9 2 2 . 8 13.1
242 8 . 0 NA 8.7 6 . 6 10.4 6 . 8 11.3 9.2 1 0 . 8 7.1 14.2 10.3
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Beaver Pond Transect
Lichen Sphagnum Moss Mire Pond
Julian S ite S ite S ite S ite
Day 5 1 0 2 0 5 1 0 2 0 5 1 0 2 0 5 1 0 2 0
cm cm cm cm cm cm cm cm cm cm cm cm
139 3.6 0.7 -0 . 6 4.6 0.3 -0 . 6 NA 4.6 -0.4 15.3 9.8 2.4
146 9.1 2 . 6 - 1 . 1 5.2 i o 00 -1.9 13.9 6 . 6 2 . 1 15.6 9.9 4.9
151 7.3 4.3 0 . 2 8.7 8 . 1 -0.4 NA 8 . 6 6 . 0 13.1 11.7 8.3
167 NA NA 7.9 NA NA NA NA 13.4 11.7 NA NA NA
172 NA 1 2 . 8 7.9 2 2 . 8 15.6 4.9 NA 14.7 1 2 . 6 20.7 18.6 14.2
181 1 0 . 2 5.9 2.9 12.5 8.9 6.4 1 1 . 6 11.4 1 0 . 8 14.5 13.3 13.4
189 19.5 6.7 1 . 1 25.6 1 1 . 6 6.9 17.7 12.7 1 1 . 6 10.7 1 0 . 6 9.5
195 14.3 7.4 4.3 15.7 1 1 . 1 9.2 16.1 15.4 13.2 18.0 17.7 16.2
199 28.3 13.2 6 . 1 28.4 17.3 1 1 . 2 15.7 15.1 14.3 2 2 . 8 19.6 17.1
206 1 0 . 0 7.1 5.6 11.4 1 0 . 0 9.9 14.2 13.2 13.1 13.7 13.9 14.3
214 18.5 11.3 7.7 18.5 13.4 1 0 . 8 16.4 15.6 14.3 19.1 18.1 16.5
235 19.1 1 0 . 1 6.4 19.9 11.7 8 . 8 15.1 13.7 1 2 . 2 18.0 15.6 14.1
243 6.7 5.7 6.7 4.9 5.1 7.8 6.9 7.9 9.5 8.4 8 . 2 10.7
248 1 0 . 8 8 . 6 7.0 11.7 9.7 7.8 1 1 . 2 1 0 . 8 1 0 . 2 12.4 1 1 . 6 1 1 . 1
256 6.5 5.7 6 . 2 5.6 5.1 6 . 8 6 . 8 8 . 1 9.1 7.2 7.4 9.1
Notes: Soil temperatures recorded in °C.
NA = Soil temperature not measured on this date at this depth.













Collar Level Plant Cover










1 2 3 4 5 6 17 8 9 1 10 I 11 1 12 13 14 15 16
Topography U U U u U U U U H H H H D D D D
Vascular Species 
Arctostaphylos rubra . 0 . 1 1 0 0 . 1 0 . 1 0 . 1
Aster sp. - 1 0 . 1 0 . 1
Betula pumela - - - - - - - - - - 1 0 - - 1 - -
Carex aquatilis - 15 5 1 0 0 . 1
Carex capillaris 1 1 5 0 . 1 2 - - 5 0 . 1 2 0 . 1 - 0 . 1 5 1 0 1 0
Carex chordorrhiza - 1 0 0 . 1
Carex gynocrates 5 0 . 1 0 . 1
Carex interior - 2 0 . 1 - - - - - -
Carex paupercula - 0 . 1 0 . 1 - - -
Drosera rotundifolia - - - - - - - - - - - 0 . 1 - - - -
Equisetum fluviatile 0 . 1 5 0 . 1
Equisetum sp. - 0 . 1 0 . 1 - 5 5 - 1 1 0 5 2 - 0 . 1 1 5 0 . 1
Fragaria sp. - - - - - - - 2 - - - - - - - -
Larix laricina - - - - - - - 0 . 1 0 . 1 - - - - - - -
Ledum groenlandicum 2 0 5 0 . 1 2 0 - - - 0 . 1 5 2 5 30 - - - -
Linnaea borealis - - 0 . 1 - - - - 0 . 1 - - - - - - - -
Menyanthes trifoliata 2 - 5 1
Petasites palmatus - - - - 0 . 1 - - 0 . 1 - - - - - - - -
Picea mariana 0 . 1 - - - - - - - - - - 0 . 1 - - - -
Pyrola secunda 0 . 1 0 . 1 - - - 0 . 1 - -
Ribes triste - - - - - - - 0 . 1 - - - - - - - -
Rosa acicularis - - - - . - - - 0 . 1 _ - - _ - - - -
Rubus acaulis - 0 . 1 0 . 1 0 . 1 _ 0 . 1 0 . 1 2 0 . 1












Salix sp. - - 0 . 1 5
Scirpus hudsonianus - 1
Smilacina trifolia - - - - - - - - 5 2 1 0 5 2 5 15 1 0
Vaccinium oxycoccus 5 5 1 0 0 . 1 - - - - 3 5 1 0 1 0 2 0 . 1 5 0 . 1
Vaccinium uliginosum - - - - 1 - - - - - - - 2 0 5 - -
Vaccinium vitis-idaea 1 0 5 1 0 2 1 0 - 0 . 1 1 0 3 3 1 2 0 . 1 - - -
Bryophyte Species
Aulocomnium palustre <5 0 . 1 2 - - - - - 2 5 2 5 - 0 . 1 - -
Calliergon giganteum 5
Campylium stellatum - 0 . 1 0 . 1
Cinclidium stygium 0 . 1 - 30 5
Cladina mitis - - - - 95 95 95 25 0 . 1
Cladina stellaris - - - - 2 5 5 75
Dicranum polysetum 1 0 0 . 1 0 . 1 - 5 - - - - 0 . 1 - - - - - -
Hylocomium splendens 5 1 0 50 0 . 1 0 . 1 - - - - - - 30 - - - -
Limprichtia revolvens 2 0 95
Lophorzia ventricosa - - - - - - - - - - - - 0 . 1 - - -
Meesia triquetra - 0 . 1 - 25 -
Mylia anomala - 0 . 1 0 . 1 5 0 . 1 - - - -
Pleurozium schreberi 80 90 2 1 0 0 - - - - - 5 2 5 - - - -
Pohlnia sp. - - 0 . 1 - - - - - - - _ - - - _
Sphagnum fuscum 80 60 - - - - - -
Sphagnum wamstorfii - - 5 - - - - - 2 2 - 1 0 - - - -
Tomenthypnum nitens 5 0 . 1 50 - - - - - 2 0 30 1 0 0 50 1 0 0 1 0 0 2 0 -
Notes: Topography Key: U = upland, H = hummock, D = hollow 
Plant cover in percent.






















17 19 | 2 0 2 1 22  | 23 24 25 1 26  | 27 | 28 29 | 30 31 32
Vascular Species
Arctostaphylos rubra 1 - 0 . 1 2 0 50 1 0 5
Aster sp. 0 . 1 2 0 . 1 0 . 1 0 . 1 1
Betula glandulosa - - - - - 0 . 1 0 . 1 - - - - - - -
Calamogrostis canadensis - - - - - - - 80 2 0 60 75 50 1 0 5 2 0
Carex aquatilis - - - - - - - - 5 - 15 5 1 1
Carex capillaris 0 . 1 2 0 . 1 1 0 5 - 1 0
Carex gynocrates - - - 0 . 1 0 . 1 0 . 1
Carex rostrata - 40 25
Coptis groenlandica 0 . 1 1 0 . 1 - 0 . 1 1
Epilobium palustre - 0 . 1 5
Equisetum sp. 1 - 0 . 1 0 . 1 0 . 1 1 5
Galium labradoricum - - - 0 . 1 0 . 1 0 . 1 - - - - - - 0 . 1
Habenaria dilitata - - - - - - 0 . 1 - - - - - - -
Ledum groenlandicum - 0 . 1 - 0 . 1 0 . 1 1 0 2
Linnaea borealis 2 - - 1 0 2 0 . 1 5
Lonicera villosa - 0 . 1 0 . 1 - 1 0
Maianthemum canadense 0 . 1 - 1 1 - - 0 . 1 - - - - - -
Petasites palmatus 1 1 2 5 1 2 1
Picea mariana - - - 0 . 1 0 . 1
Rosa acicularis - - - - 1 0 0 . 1
Rubus acaulis - - - - 0 . 1 0 . 1
Salix sp. - 2 0 0 . 1 2
Shepherida canadensis - - 0 . 1 - - - - - - - - - - -


















Diurnal Experimental Data 
BOREAS: Beaver Pond Transect 
July 8-9, 1994
Soil Temperature
Lichen Sphagnum Moss Mire Pond
lim e Site Site Site Site
(hr) 5 cm 1 0  cm | 2 0 cm 5 cm 1 0  cm |2 0 cm 5 cm | 1 0 cm 2 0  cm 5cm 1 0  cm 1 2 0  cm
14:30 19.5 6.7 1 . 1 25.6 1 1 . 6 6.9 17.7 12.7 1 1 . 6 10.7 1 0 . 6 9.5
2 1 : 0 0 13.0 8.9 2 . 6 17.6 15.7 8.3 14.2 1 0 . 6 7.5 21.4 18.1 11.3
24:00 1 1 . 1 6 . 8 2 . 1 9.7 11.3 9.7 1 2 . 8 9.9 6 . 6 17.7 16.8 1 0 . 8
5:20 3.1 4.1 1.9 2 . 8 6.4 6.9 10.7 9.4 6.7 1 2 . 0 1 2 . 8 1 0 . 6











(hr) CHd O O c h 4
ou
c h 4 CO, c h 4 CO,
14:30 1.988 366.0 1.945 370.5 2 . 0 0 1 373.5 1.996 363.7
2 1 : 0 0 2.080 367.0 2.163 366.2 2.084 363.5 2.199 401.6
2.076 364.0 2.156 377.6 2.066 373.3 2.180 383.1
24:00 2.172 471.2 2.209 1307.4 2.303 532.6 2.172 846.3
2.206 457.3 2.177 507.6 2.161 500.8 2.146 899.8
5:20 2.151 463.4 2.144 472.5 2.168 447.8 2.206 450.5
2.199 456.6 2.262 494.4 2.148 472.2 2 . 1 1 2 478.5
8:30 2.199 410.4 2.319 408.4 2.196 417.5 2.252 454.3











(hr) C. 19 C. 20 C. 21 | C. 22 C. 27 C. 28 C. 29 | C. 30
14:30 0 -4.06 0 0 X 2.14 37.87 185.80
2 1 : 0 0 0.706 -1.651 6.993 -0.665 X 19.94 57.94 52.47
24:00 -2.326 -0.858 3.446 -4.217 X 27.45 65.10 52.86
5:20 0 0 -3.383 -2.044 197.2 31.69 68.04 51.03
8:30 -2.429 4.716 0.955 0 70.87 40.86 62.32 51.87
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C 0 2 Flux
Lichen Sphagnum Moss Mire Pond
Time Site Site Site Site
(hr) C. 19 | C. 20 C. 21 | C. 22 C. 27 | C. 28 C. 29 | C. 30
14:30 15.87 10.99 X X -6.33 X X -9.11
2 1 : 0 0 4.81 2.61 9.90 7.50 3.29 3.27 1 . 6 8 4.92
24:00 4.32 2.85 12.15 7.04 7.59 5.12 2.99 5.87
5:20 8.05 1.96 5.54 0 . 8 8 2.53 10.50 5.52 3.59
8:30 3.79 0.95 1.30 5.63 4.40 -2.45 4.40 1.83
Alaska Diurnal Experiment 
Lemeta Bog Transect 
July 14-15, 1993 
Ambients
Dry Site Wet Site Mat Site
Time (hi') c h 4 Time (hr) c h 4 Time (hr) c h 4
22:55 1.851 22:25 2.063 23:32 3.661
1:27 2.061 1:51 2.043 0:50 2.514
4:37 2.229 4:09 1.852 5:13 3.811
7:16 1.903 7:42 1.871 6:42 2.529
CH4 Flux
Dry Site Wet Site Mat Site
Time (hr) C. 13 | C. 14 Time (hr) C. 3 C. 4 Time (hr) C. 21 C. 22
22:55 -3.488 -0.387 22:25 192.0 88.51 23:32 248.2 452.7
1:27 -8.399 -0.884 1:51 120.7 131.9 0:50 192.4 264.4
4:37 -9.903 -2 . 0 0 0 4:09 156.8 114.6 5:13 260.1 355.1
7:16 -1.854 0 7:42 141.3 145.0 6:42 303.7 496.1
Notes: Times indicate the start of each experimental run.
Soil Temperatures measured in °C.
Ambient CH4  and C 0 2  in ppmv.
Ambient samples taken and start and end of each flux.
X = Sample rejected due to poor regression.
0 = Flux too small to be measured and assigned value of zero. 
CH4  Flux in mg CH4/m2/day.
C 0 2  Flux in g CO^mVday in opaque chambers.
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B eaver  P on d  T ra n sect
Uplanc Sites Wetland Sites
Julian Lichen Site Sphagnum Moss Site Lichen Site Sphagnum Moss Site
Date Plastic Collar Plastic Collar Plastic Collar Plastic Collar
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
139 4.53 0 -1.85 0 0 -2.85 0.31 0 7.91 0.56 3.32 X - - - -
146 0 0 -2.60 -1.34 0 6.02 2.18 0 X X X X 100.9 197.7 11.59 4.10
151 0 -1.11 -1.72 0 -0.66 -0.98 -3.88 0 13.74 -1.89 43.54 9.68 53.58 14.33 31.14 18.70
167 -2.16 0 0 0 -1.41 0 0 -6.52 51.50 53.34 275.4 8.63 916.9 X 52.33 59.79
172 0 -1.72 -2.56 -5.63 1.44 -1.34 0 0 - - - - X 59.10 328.6 233.6
173 30.65 X X 17.30 - - - -
181 -3.05 - 0 -2.70 0 -1.43 -0.99 2.64 X X 426.0 26.63 X X 3.98 X
189 -3.26 - 0 -4.06 0 0 0 0 152.9 29.35 X 2.14 37.87 185.8 75.54 66.26
195 -4.72 - 0 -4.99 3.88 0 5.13 0 333.5 X 374.7 93.45 X 36.62 176.1 122.4
199 0 - -3.56 -2.76 -7.29 -1.70 0 6.78 699.1 X 2357 X 765.0 254.3 369.9 150.4
206 0 - -4.11 -2.81 0 0 0.96 0 X X X X 304.0 87.69 380.0 179.4
214 0 - -1.51 -4.28 7.07 11.94 0 13.67 X X X X X 14.59 X 11.30
235 5.21 - -3.82 -7.51 0 3.27 7.81 15.76 3387 X 3286. 209.7 181.2 70.29 91.24 47.25
243 0 - 0 1.23 12.28 4.21 0 0 X 327.9 593.4 X 117.3 31.12 38.52 22.85
248 0 - -3.72 0 2.66 0 3.36 0 X X X X 112.0 42.85 43.58 33.01
256 2.18 - -7.21 0 0 -1.10 0 2.91 1818 X X X X 32.00 12.94 19.66
n 15 5 15 15 15 15 15 15 9 5 8 7 9 12 13 13
Mean -0.08 -0.57 -2.18 -2.52 1.20 1.07 0.99 2.35 721.5 81.85 919.9 52.51 287.6 85.53 124.3 74.51
S.D. 2.57 0.72 2.01 1.75 4.16 3.72 2.65 5.52 1091. 124.7 1137 70.30 306.8 77.56 136.1 70.63
S.E. 0.66 0.32 0.52 0.45 1.07 0.96 0.69 1.42 363.7 55.76 401.9 26.57 102.3 22.39 37.76 19.59
Oxid. 4 2 10 9 3 6 2 1 0 1 0 0 0 0 0 0
Prod. 3 0 0 1 5 4 6 5 9 4 8 7 9 12 13 13
Zero 8 3 5 5 7 5 7 9 - - - - - - - -
Poor R - - - - - - - - 6 10 7 8 5 2 1 1
Notes: Measurements were made in opaque chambers. Flux measurements in mg of CH4/m2/day. Negative measurements indicate uptake from the 
atmosphere. Positive measurements indicate emission to the'atmosphere. - = Not measured. X = Measurement rejected due to poor regression or other 
error. 0 = Flux too small to be measured by this technique and assigned a value of zero. Oxid. = Occurences of net consumption (oxidation). Prod. = 
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Assessment of the Balance of CH4 Oxidation & Production
Old Black Spurce Transect
Julian Feather Moss Site Lichen Site Fen Margin Moss Site Fen Site
Date Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance
140 2 2 0 0 1 3 0 + 2 1 1 - X X X X
145 2 1 1 - 2 2 0 - 0 2 2 + X X X X
147 2 2 0 - 1 2 1 + 1 2 1 + 1 1 2 +
152 5 2 1 - 3 3 2 + 1 4 3 + 0 3 1 +
159 3 4 1 - 6 1 1 - 2 3 3 + 2 1 1 -
171 3 5 0 + 3 3 2 + 6 1 1 - 3 1 0 +
178 1 3 0 + 1 3 0 + 3 1 0 - X X X X
179 2 1 1 - 1 2 1 + 0 0 4 0 0 1 3 +
185 3 4 1 + 3 2 3 + 3 4 1 + 1 3 0 +
194 2 3 3 + 4 1 3 - 4 4 0 - 1 2 1 +
201 3 1 4 - 3 0 5 - 2 2 4 - 2 1 1 +
207 2 1 1 - 0 2 2 + 2 1 1 + 0 2 2 +
208 2 1 1 + 2 1 1 + 0 3 1 + X X X X
213 5 2 1 - 6 2 0 - 3 2 3 - 0 2 2 +
220 1 3 0 + 4 0 0 - 1 2 1 + X X X X
226 2 2 0 - 3 1 0 - 2 2 0 - X X X X
234 0 0 4 0 1 1 2 - 1 1 2 + 1 3 0 +
242 5 2 1 - 4 3 1 + 2 4 2 + 0 2 2 +
249 4 0 0 - 0 1 3 + 2 1 1 - 0 3 1 +
255 2 1 1 - 1 3 0 + 0 3 1 + 1 3 0 +
Total 51 40 21 - 49 36 27 0 37 43 32 + 12 28 16 +

















Lichen Site s phagnum Moss Site Mire Site Pond Site
Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance Oxid. Prod. Zero Balance
139 1 1 2 + 1 1 2 - 0 3 0 + X X X X
146 2 0 2 - 0 2 2 + X X X X 0 4 0 +
151 2 0 2 - 3 0 1 - 1 3 0 + 0 4 0 +
167 1 0 3 - 2 0 2 - 0 4 0 + 0 3 0 +
172 3 0 1 - 1 1 2 + X X X X 0 3 0 +
173 X X X X X X X X 0 2 0 + X X X X
181 2 0 1 - 2 1 1 + 0 2 0 + 0 1 0 +
189 2 0 1 - 0 0 4 0 0 3 0 + 0 4 0 •h
195 2 0 1 - 0 2 2 + 0 3 0 + 0 3 0 +
199 2 0 1 -■ 2 1 1 - 0 2 0 + 0 4 0 +
206 2 0 1 - 0 1 3 + X X X X 0 4 0 +
214 2 0 1 - 0 3 1 + X X X X 0 2 0 +
235 2 1 0 - 0 3 1 + 0 3 0 + 0 4 0 +
243 0 1 2 + 0 2 2 + 0 2 0 + 0 4 0 +
248 1 0 2 - 0 2 2 + X X X X 0 4 0 +
256 1 1 1 - 1 1 2 + 0 1 0 + 0 3 0 +
Total 25 4 21 - 12 20 28 + 1 28 0 + 0 47 0 +
% 50 8 42 X 20 33 47 X 3 97 0 X 0 100 0 X
Notes: Incidents of oxidation, production and zero flux are recorded from individual collars. + = Flux to atmosphere. - = Flux to the soil. 0 = No net flux 














C 0 2 Flux Statistics: Collar Data 
Old Black Spruce Transect
Upland Sites
Feather Moss Site Lichen Site
Julian Plastic Collars Aluminum Collars Plastic Collars Aluminum Collars
Date 1 2 3 4 OBS OBS OBS OBS 5 6 7 ■ 8 OBS OBS OBS OBS
1 2 3 4 5 6 7 8
• 140 - - - - 3.51 3.52 1.54 0.88 - - - - 2.24 5.37 3.42 1.83
145 - - - - 2.97 2.29 3.07 2.60 - - - - 11.09 6.34 5.81 2.81
147 X 1.01 X 7.68 - - - - 15.21 16.49 18.29 10.50 - - - -
152 - - - - 2.77 1.98 4.10 5.98 X X X 2.56 5.24 5.68 4.80 3.12
159 8.82 9.03 X X 7.17 8.71 6.78 8.49 4.27 10.06 7.93 5.14 18.66 14,34 3.21 3.68
171 X 7.87 X 6.75 17.60 11.66 11.53 13.11 11.98 22.52 11.04 12.60 15.40 24.64 12.45 7.70
178 - - - - 11.48 9.64 10.91 10.03 - - - - 8.40 7.83 5.85 6.69
179 X 2.81 8.60 X - - - - 8.20 11.28 X X - - - -
185 6.44 6.05 9.13 9.52 14.48 10.74 11.62 3.38 6.47 5.83 9.97 X 7.22 X 9.33 10.96
194 15.65 7.18 X X 11.84 10.82 6.56 6.51 8.41 9.95 8.63 X 18.52 12.28 9.11 6.86
201 8.26 6.13 X 8.04 7.96 10.82 6.95 5.41 X 5.85 7.35 X 10.03 9.72 12.63 5.06
207 - - - - 16.10 15.31 17.42 12.14 - - - - 15.88 16.85 9.28 11.53
208 3.68 18.35 11.31 4.83 - - - - 6.51 24.74 15.34 7.72 - - - -
213 X X 7.27 3.49 8.05 8.10 10.96 2.56 9.31 2.81 8.95 -1.31 9.50 X 6.56 10.25
220 - - - - 4.25 13.33 8.40 7.66 - - - - 12.36 13.24 8.05 7.48
226 - - - - 15.18 16.81 16.10 13.86 - - - - 19.40 10.87 11.04 14.56
234 3.26 4.19 6.58 7.57 - - - - 7.40 8.72 14.52 X - - - -
242 X X 8.69 X 6.95 10.74 3.10 5.85 13.30 X 15.50 X 8.45 5.15 7.70 7.66
249 X -1.31 8.50 X - - - - 11.53 12.80 40.45 3.91 - - - -
255 5.68 X 8.25 X - - . - X 10.85 X X - - - -
n 7 10 8 7 14 14 14 14 11 12 11 7 14 12 14 14
Mean 7.40 6.13 8.54 6.84 9.33 9.59 8.80 7.04 9.33 11.83 14.36 5.87 11.62 11.00 7.79 7.17
S.D. 4.20 5.36 1.39 2.05 4.97 4.31 4.71 3.94 3.31 6.57 9.39 4.78 5.10 5.50 2.93 3.58
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Upland Sites Wetland Sites
Julian Lichen Site Sphagnum Moss Site Mire Site Pond Site
Date Plastic Collar Plastic Collar Plastic Collars Plastic Collars
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
139 X X 4.82 X X 1.58 X X - . - - - -
146 10.69 4.12 7.12 6.28 X 14.02 X X - - - X X 3.54 X
151 14.26 X X X 3.07 X X X - - - - -4.40 X X X
167 14.75 X 19.21 18.12 22.59 15.79 18.42 16.08 X X 13.84 X 6.45 11.17 X X
172 16.00 12.11 19.71 X 13.46 14.71 17.01 X - - - - X 13.49 X -10.9
173 - - - - - - - - X 12.21 -1.10 X - - - -
181 9.77 - X 9.14 X X X 4.20 X X 1.74 4.64 X X X 4.51
189 10.12 - 15.87 10.99 X X X 11.10 -7.94 -2.13 -6.33 X X -9.11 -10.3 27.22
195 8.24 - 6.68 4.05 4.57 3.56 -4.43 2.64 X X -7.45 -6.28 X X X 22.26
199 X - 8.77 X 10.61 X -1.89 3.38 X X 20.94 22.21 -4.48 X -8.85 16.54
206 11.61 - X 4.63 2.91 0.95 4.66 X X X X 12.51 8.73 X 5.34 -4.69
214 5.21 - 3.42 X 6.07 12.03 6.50 X X X -2.95 X X -3.10 X X
235 X - 24.60 37.67 10.35 X X 18.32 X 3.03 20.41 X -14.9 -7.87 6.23 X
243 5.64 - 2.99 X X 11.26 X X X X X 24.13 -7.48 3.99 -12.7 -10.5
248 X - 4.05 X X 25.43 6.40 6.18 6.46 15.59 10.40 X 12.04 X X X
256 X - 9.09 10.86 5.19 11.85 X X 29.93 19.12 37.03 X 5.99 17.91 X X
n 10 2 12 8 9 10 7 7 3 5 10 5 8 7 6 7
Mean 10.63 8.12 10.53 12.72 8.76 11.12 6.67 8.84 9.48 9.56 8.65 11.44 0.24 3.78 -2.79 6.35
S.D. 3.67 5.65 7.38 11.04 6.36 7.46 8.62 6.38 19.12 8.86 14.48 12.63 9.38 10.78 8.71 15.81
S.E. 1.16 4.00 2.13 3.90 2.12 2.36 3.26 2.41 11.04 3.96 4.58 5.65 3.32 4.08 3.55 5.97
Notes*. Measurements were made in opaque chambers. Flux measurements in g of CO^mVday. Negative measurements indicate uptake from the atmosphere. 
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Core A Core B
Core 2UC 5.6 C 10.3UC 2UC 5.6UC 10.3UC
Segment [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm
0 - 1 0 0.81 0.54 0.37 0.09 0.32 0.30
1 0 - 2 0 0 . 1 2 0.13 0.51 0.06 0 . 1 0 0.23
2 0 -3 0 1 . 1 1 1 . 0 2 0.93 0.04 0.05 0.05
3 0 -4 0 0.06 0.06 0.15 0 . 0 0 0.03 0.03
4 0 -5 0 0.59 1.85 5.99 - - -
Mean 0.54 0.72 1.59 0.05 0.13 0.15
Core C Core D
Core 2dC 5.6UC 10.3UC 2UC 5.6UC 10.3UC
Segment [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm [CHJ ppm
0 - 1 0 0.32 0.24 0.28 0.09 0.08 0 . 1 0
1 0 - 2 0 0.09 0.07 0.06 0.38 0.08 0.15
2 0 -3 0 0.05 0.04 0.05 0.04 0.04 0.03
3 0 -4 0 0.05 0.05 0.05 0.62 0.24 0.13
4 0 -5 0 0.03 0.04 0.04 - - -
Mean 0 . 1 1 0.09 0 . 1 0 0.28 0 . 1 1 0 1 0
Note: All CH4  concentrations given in ppm CH4/g dry w t peat.
All CH3F concentrations given in ppm of jar headspace concentration.
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10.3 C 10.3UC 19.8UC 19.8UC 19.8UC
0 -1 0 0.29 0.45 0.37 0.61 1.28
10-20 1.72 0.88 3.42 0.69 1.99
2 0 -3 0 2.91 1.15 7.76 0.82 2.67
3 0 -4 0 0.62 1.08 0.35 0.38 1.74
4 0 -5 0 51.39 0.00 74.48 0.72 1.45



















10.3 C 10.3UC 1 9 .8 ^ 19.8UC 19.8UC
0 -1 0 - - 6.30 0.35 -
10-20 - 0.50 4.22 0.25 -
2 0 -3 0 0.67 0.95 4.24 0.46 6.33
3 0 -4 0 0.06 0.35 0.17 0.21 2.83



















10.3°C 10.3UC 19.8°C 19.8°C 19.8UC
0 -1 0 0.85 0.49 6.04 0.16 7.11
10-20 0.22 0.31 1.51 0.11 6.86
2 0 -3 0 0.19 0.45 0.50 0.09 2.63
3 0 -4 0 0.07 0.42 0.19 0.08 2.71
4 0 -5 0 0.41 0.49 1.20 0.18 2.93



















10.3°C 10.3°C 19.8 C 19.8UC 19.8UC
0 -1 0 0.16 0.48 0.22 0.23 1.38
10-20 0.20 0.31 3.37 0.13 16.85
2 0 -3 0 0.04 0.05 0.75 0.15 18.75
3 0 -4 0 0.05 0.01 1.85 0.32 37.00
Mean 0.11 0.21 1.55 0.21 18.50




















0 - 1 0 0.37 0.29 0.45 0.78 -27.6
1 0 - 2 0 0.51 1.72 0 . 8 8 3.37 70.3
2 0 -3 0 0.93 2.91 1.15 3.13 6 8 . 0
3 0 -4 0 0.15 0.62 1.08 4.13 75.8
















0 - 1 0 0.30 - - - -
1 0 - 2 0 0.23 - 0.50 - -
2 0 -3 0 0.05 0.67 0.95 13.4 92.5
















0 - 1 0 0.28 0.85 0.49 3.04 67.1
1 0 - 2 0 0.06 0 . 2 2 0.31 3.67 72.7
2 0 -3 0 0.05 0.19 0.45 3.8 73.7
3 0 -4 0 0.05 0.07 0.42 1.4 28.6
















0 - 1 0 0 . 1 0 0.16 0.48 1 . 6 37.5
1 0 - 2 0 0.15 0 . 2 0 0.31 1.33 25.0
2 0 -3 0 0.03 0.04 0.05 1.33 25.0
3 0 -4 0 0.13 0.05 0 . 0 1 0.38 -61.5
























0 - 1 0 0 . 1 0 0 . 0 2 0.13 0.55 1.3 23.1
1 0 - 2 0 0.06 0 . 0 1 0.08 0 . 1 2 1.33 25.0
2 0-30 0.25 0 . 0 0 0.58 0 . 1 1 2.32 56.9
3 0-40 0.18 0 . 0 0 0.69 0.19 3.83 73.9




















0 - 1 0 0.08 0 . 0 0 0 . 1 2 0.05 1.5 33.3
1 0 - 2 0 0.60 0 . 0 0 2.32 0.13 3.87 74.1
2 0-30 0 . 1 1 0 . 0 0 0 . 2 0 0.05 1.82 45.0




















0 - 1 0 1.04 0 . 0 0 1.13 0 . 1 0 1.09 8 . 0
1 0 - 2 0 0.14 0 . 0 0 0.14 0 . 0 2 1 . 0 0 . 0
2 0 -30 0.14 0 . 0 0 0.23 0 . 0 2 1.64 39.1
30-40 0.13 0 . 0 0 0.40 0.31 3.08 67.5




















0 - 1 0 0 . 1 1 0 . 0 0 0.17 0.13 1.55 35.3
1 0 - 2 0 0.28 0 . 0 0 0.38 0.05 1.36 26.3
20-30 0 . 1 0 0 . 0 0 0.16 0 . 0 2 1 . 6 37.5
30-40 0.08 0 . 0 0 0 . 1 1 0 . 0 1 1.38 27.3


























0 - 1 0 0 . 2 1 0.4734 0.26 0.8691 1.24 1.84
1 0 - 2 0 0.07 0.0391 0.39 0.2779 5.57 7.11
2 0 -30 0.30 0 . 0 2 2 2 3.34 0.2950 11.13 13.29
3 0 -40 0.32 0.0277 1.55 0.2041 4.84 7.37






















0 - 1 0 0 . 1 0 0.0254 0.18 0.1500 1.80 5.91
1 0 - 2 0 1.28 0 . 0 1 0 0 10.99 0.2319 8.59 23.19
20-30 0.18 0.0088 2.61 0.4186 14.5 47.57






















0 - 1 0 4.56 0.0462 9.07 0.2871 1.99 6 . 2 1
1 0 - 2 0 0 . 1 1 0.0076 0.23 0.0258 2.09 3.39
2 0-30 0.39 0.0072 1.09 0.0747 2.79 10.38
30-40 0.32 0.0079 1.57 0.2361 4.91 29.89






















0 - 1 0 2.56 0.0587 5.31 0.3896 2.07 6.64
1 0 - 2 0 0.51 0.0117 2.09 0.1063 4.10 9.09
20 -30 0.28 0.0055 0.57 0.0178 2.04 3.24
30-40 0.14 0.0057 0 . 2 0 0.0134 1.43 2.35




Low Temperature Core Experiments















0 - 1 0 1 . 0 0 2.43 0.33 2.4 59.1
1 0 - 2 0 1.49 • 2 . 2 0 0.45 1.5 32.4
2 0 -3 0 0.51 0.64 0 . 2 1 1.3 20.4
3 0 -4 0 0.57 0.98 0 . 2 1 1.7 41.5
4 0 -5 0 0.43 0.64 0.38 1.5 32.7
Core B Dates: 3/20/93 - 3/25/93 Mean Temp. 9.7°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 0.83 1.26 0.33 1.5 34.5
1 0 - 2 0 0.89 1.63 0 . 2 1 1 . 8 45.3
2 0 -3 0 0.81 1 . 0 0 0.14 1 . 2 19.2
3 0 -4 0 0.46 0.61 0.24 1.3 25.5
4 0 -5 0 0.46 0.59 0.16 1.3 2 2 . 8
Core C Dates: 3/26/93 - 3/31/93 Mean Temp: 10.2°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 0.83 0.79 1.37 1 . 0 -4.9
1 0 - 2 0 0.71 0.71 1.19 1 . 0 - 1 . 1
2 0 -3 0 0.48 0 . 6 6 1.37 1.4 27.8
3 0 -4 0 0.59 0 . 6 8 1.37 1 . 2 13.4
4 0 -5 0 1 . 2 2 1.49 1.03 1 . 2 18.0
Core D Dates: 3/26/93-3/31/93 Mean Temp: 10.2°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 1.65 1.61 1.38 1 . 0 -2 . 6
1 0 - 2 0 0.33 0.35 0.89 1 . 1 6.4
2 0 -3 0 0 . 8 6 1 . 0 0 1.55 1 . 2 14.2
3 0 -4 0 0.41 0.60 0.80 1.5 31.5
4 0 -5 0 0.33 0.48 1.29 1.5 31.1




High Temperature Core Experiments















0 - 1 0 0.61 0.72 1.45 1 . 2 15.5
1 0 - 2 0 0.62 0.69 1.62 1 . 1 10.3
2 0 -3 0 0.25 0.38 1.43 1 . 6 36.1
3 0 -4 0 0.70 0.55 0.97 0 . 8 -26.2
4 0 -5 0 0.43 0.53 1.55 1 . 2 19.1
Core B Dates: 3/26/93 - 3/31/93 Mean Temp: 21.5°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 0.85 1.13 1.42 1.3 24.6
1 0 - 2 0 0.94 1.18 1.41 1.3 2 0 . 8
2 0 -3 0 0.56 0.77 0.45 1.4 26.8
3 0 -4 0 0.33 0.55 1.41 1.7 39.7
4 0 -5 0 0.40 0.47 1.49 1 . 2 14.5
Core C Dates: 3/20/93-3/25/93 Mean Temp. 21.9°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 1.03 1.35 0.55 1.3 23.7
1 0 - 2 0 0.75 0.78 0.48 1 . 0 4.4
2 0 -3 0 0.33 0.84 0.34 2 . 6 61.5
3 0 -4 0 0.55 0.71 0.43 1.3 23.0
4 0 -5 0 1 . 1 1 1.84 0.31 1.7 39.4
Core D Dates: 3/20/93 - 3/25/93 Mean Temp. 21.9°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 1.57 1.76 0.40 1 . 1 10.7
1 0 - 2 0 0.31 0.45 0 . 2 2 1.4 30.1
2 0 -3 0 0.90 1.34 0.60 1.5 33.0
3 0 -4 0 0.15 0.83 0.34 5.5 81.7
4 0 -5 0 0.23 0.67 0.24 2.9 65.7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Dry Site
Flooded Cores
Low Temperature Core Experiments















0 - 1 0 0.75 0.92 0.36 1 . 2 17.7
1 0 - 2 0 0.70 0.76 0.23 1 . 1 7.6
2 0 -3 0 0.67 0.78 0.14 1 . 2 14.4
3 0 -4 0 0.57 0.64 0.62 1 . 1 1 1 . 0
4 0 -5 0 1.19 1.44 0.28 1 . 2 17.3
Core D Dates: 4/4/93 - 4/9/93 Mean Temp. 10.5°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 1.55 1.96 0.71 1.3 2 1 . 0
1 0 - 2 0 0.31 0.36 0.16 1 . 2 14.4
2 0 -3 0 0.85 1 . 2 1 1.33 1.4 29.8
3 0 -4 0 0.56 0.63 0.31 1 . 1 1 1 . 0
40.- 50 0.46 0.42 0.45 0.9 -9.1
High Temperature Core Experiments 















0 - 1 0 0.56 0.76 1.09 1.4 26.9
1 0 - 2 0 1.04 1.26 1.04 1 . 2 17.2
2 0 -3 0 0.41 0.48 0.74 1 . 2 14.5
3 0 -4 0 0.47 0.70 1.15 1.5 32.6
4 0 -5 0 0.43 0 . 6 6 1.14 1.5 34.8
Core B Dates: 4/4/93 - 4/9/93 Mean Temp. 21.9°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 0.79 1.07 1.16 1.4 26.4
1 0 - 2 0 0 . 8 8 1.23 1.58 1.4 28.4
2 0 -3 0 0.72 0.77 0.34 1 . 1 6.5
3 0 -4 0 0.41 0.56 0.80 1.4 27.0
4 0 -5 0 0.43 0.58 0.49 1.3 25.9
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Floating M at 
Flooded Cores
Low Temperature Core Experiments 















0 - 1 0 17.93 50.08 0.25 2 . 8 64.2
1 0 - 2 0 107.99 112.94 0.07 1 . 0 4.4
20-30 33.57 419.65 1.26 12.5 92.0
30-40 28.73 8 6 . 6 6 0.79 3.0 6 6 . 8
4 0-50 88.54 256.63 1.25 2.9 65.5



















0 - 1 0 18.23 0 . 0 1 33.54 0.72 1 . 8 45.7
1 0 - 2 0 61.71 0 . 0 1 41.22 0.09 0.7 -49.7
20-30 560.17 0 . 0 2 266.54 1.19 0.5 - 1 1 0 . 2
30-40 454.22 0.05 315.66 0.67 0.7 -43.9
4 0-50 934.4 0 . 0 1 473.71 0.34 0.5 -97.3















0 - 1 0 1.16 1.13 0.32 0.98 -2 . 6
1 0 - 2 0 17.45 29.34 1 . 6 6 1 . 6 8 40.5
20-30 5.08 120.78 0.58 23.77 95.8
30-40 40.20 246.26 0.76 6.13 83.7
40 -50 1 0 . 0 1 53.09 0.56 5.30 81.1




High Temperature Core Experiments



















0 - 1 0 23.19 0 . 0 1 135.02 1.77 5.8 82.8
1 0 - 2 0 402.82 0 . 0 1 506.69 0.56 1.3 20.5
2 0 -3 0 665.50 0.35 1410.90 3.82 2 . 1 52.8
3 0 -4 0 198.67 0.37 499.84 3.29 2.5 60.3
4 0 -5 0 185.28 0.25 276.08 1.95 1.5 32.9















0 - 1 0 4.03 27.11 0.42 6.7 85.1
1 0 - 2 0 135.28 100.18 0.09 0.7 -35.0
2 0 -3 0 132.39 245.96 0.33 1.9 46.2
3 0 -4 0 366.49 662.58 0.31 1 . 8 44.7
4 0 -5 0 643.38 585.97 0.18 0.9 -9.8
Core G Dates: 4/4/93 - 4/9/93 Mean Temp. 21.9°C
Core Control CH3F Inhibitor Stimulus Oxidation





0 - 1 0 0.69 2.43 0 . 8 6 3.51 71.5
1 0 - 2 0 74.89 193.90 0.99 2.59 61.4
2 0 -3 0 ' 1.98 3.46 0 . 0 2 1.74 42.6
3 0 -4 0 1 . 6 6 7.83 0.05 4.71 78.8
4 0 -5 0 3.15 41.38 1.39 13.13 92.4
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APPENDIX J
North Slope Spiked CH4 Experimental Data









NP1 TUSSOCK 3.097 12.3 0.998 1354 1190 0.991
NP5 TUSSOCK 2.792 -0.29 0.834 1773 5990 0.969
NP7 TUSSOCK 2.690 1.56 0.995 1522 3660 0.986
CT1 TUSSOCK 2.147 78.3 0.999 1753 725 0.981
CT3 TUSSOCK 3.110 8.83 0.978 1435 3300 0.999
CT5 TUSSOCK 4.090 25.6 0.975 1438 62.1 0.606
NP1 SEDGE 3.185 31.0 0.997 1618 363 0.995
NP2 SEDGE 2.481 51.0 0.999 1429 132 0.999
NP3 SEDGE 3.966 63.2 0.999 1498 284 0.970
NP4 SEDGE 3.674 24.8 0.997 1241 492 0.961cri SEDGE 3.007 42.3 0.999 1409 178 0.995
CT2 SEDGE 2.672 53.9 0.999 1499 1060 0.986
CT3 SEDGE 4.578 29.1 0.993 1443 4970 0.992
CT5 SEDGE 3.743 52.0 0.999 1796 3380 0.996
PI SEDGE 2.761 54.0 0.999 1713 1140 0.985
P3 SEDGE 2.702 25.7 0.999 1176 339 0.968
P4 SEDGE 3.675 35.9 0.999 1260 199 0.999
P5 SEDGE 3.487 5.11 0.955 1 1 1 1 203 0.965
Piot CH4 Spiking Experiment CH,F Experiment
# Vegetation Control Oxidation Control Oxidation
NP1 TUSSOCK 12.3 1190 1 2 . 6 -10.4
NP5 TUSSOCK -0.29 5990 -0.84 -0.721
NP7 TUSSOCK 1.56 3660 0.603 -2.90
CT1 TUSSOCK 78.3 725 50.5 -14.7
CT3 TUSSOCK 8.83 3300 20.5 -14.2
CT5 TUSSOCK 25.6 62.1 65.0 -32.3
NP1 SEDGE 31.0 363 35.5 -8.4
NP2 SEDGE 51.0 132 58.9 -3.9
NP3 SEDGE 63.2 284 35.9 35.5
NP4 SEDGE 24.8 492 43.0 -8.5
CT1 SEDGE 42.3 178 47.4 1.9
CT2 SEDGE 53.9 1060 62.1 7.8
CT3 SEDGE 29.1 4970 - -
CT5 SEDGE 52.0 3380 57.6 13.1
PI SEDGE 54.0 1140 50.0 -7.5
P3 SEDGE 25.7 339 29.4 -0.3
P4 SEDGE 35.9 199 51.5 1.04
P5 SEDGE 5.11 203 33.0 3.6
CH4, CHjF, and oxidation fluxes in mg/m2/d 
Ambient and initial CH4  concentrations in ppmv.
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APPENDIX K
North Slope 1993 Flux Data




Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 29.6 33.9 4.3 12.7 107.6 155.2 47.6 30.7
2 106.1 125.7 19.6 15.6 67.9 114.4 46.5 40.6
3 130.5 159.5 29.0 18.2 68.7 124.1 55.4 44.6
Mean 88.7 106.4 17.6 16.5 81.4 131.2 49.8 38.0
S.D. 43.0 53.1 10.2 - 18.5 17.4 4.0 -
S.E. 24.8 30.6 5.9 - 10.7 10.0 2.3 -
Site Inlet Outlet
Treatment Nitrogen + Phosphorus Nitrogen + Phosphorus
Date 8/16/93 8/16
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 25.2 28.3 3.1 11.0 92.2 136.4 44.2 32.4
2 34.2 43.8 9.6 21.9 71.0 104.6 33.6 32.1
3 18.6 25.5 6.9 27.1 73.9 83.4 9.5 11.4
Mean 26.0 32.5 6.5 20.0 78.7 108.1 29.1 26.9
S.D. 6.4 8.0 2.7 - 9.6 21.8 14.5 -




Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 41.5 59.7 18.2 30.5 183.0 169.3 -13.7 -7.5
2 170.2 279.6 109.4 39.1 152.5 156.3 3.8 2.4
3 149.5 207.7 58.2 28.0 108.4 92.1 -16.3 -15.0
Mean 120.4 182.3 61.9 34.0 148.0 139.2 -8.7 -5.8
S.D. 56.4 91.5 37.3 - 30.6 33.7 8.9 -
S.E. 32.6 52.9 21.6 - 17.7 . 19.5 5.2 -
Notes: Control: Normal (N et) CH4 Flux.
MF: Gross Flux (Under CH3F).
Oxidation: MF - Control Flux.
% Oxidation: Oxidized Fraction of Gross CH4 Production. 
All fluxes recorded in mg CH4/m2/d.
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Sagavanirktok River Wet Sedge Site
Treatment Control
Dale 6/25/93 6/26/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 60.6 63.0 2.4 3.8 61.4 65.9 4.5 6.8
2 37.7 39.8 2.1 5.3 35.1 38.4 3.3 8.6
3 53.2 31.5 -21.7 -40.8 57.3 57.9 0.6 1.0
Mean 50.5 44.8 -5.7 -11.3 51.3 54.1 2.8 5.2
S.D. 9.5 13.3 11.3 - 11.6 11.5 1.6 -
S.E. 5.5 7.7 6.5 - 6.7 6.7 0.9 -
Treatment Nitrogen + Phosphorus
Date 6/25/93 6/26/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 4.45 3.81 -0.64 -14.4 3.57 5.02 1.45 28.9
2 60.4 76.8 16.4 21.4 71.0 73.5 2.5 3.4
3 37.2 39.9 2.7 6.8 38.0 47.2 9.2 19.5
Mean 34.0 40.2 6.2 15.4 37.5 41.9 4.4 10.5
S.D. 23.0 29.8 7.4 - 27.5 28.2 3.4 -
S.E. 13.3 17.2 4.3 - 15.9 16.3 2.0 -
Treatment Phosphorus
Date 6/25/93 6/26/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 18.2 21.2 3.0 14.2 18.7 18.5 -0.2 -1.1
3 16.3 26.3 10.0 38.0 17.9 17.7 -0.2 -1.1
Mean 17.3 23.8 6.5 27.3 18.3 18.1 -0.2 -1.1
S.D. 1.0 2.6 3.5 - 0.4 0.4 0 -
S.E. 0.7 1.8 2.5 - 0.3 0.3 0 -
Treatment Control Nitrogen + Phosphorus
Date 8/15/93 8/15/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 47.4 49.3 1.9 3.9 35.5 27.1 -8.4 -23.7
2 62.1 69.9 7.8 11.2 58.9 55.0 -3.9 -6.6
3 - - - - 35.9 71.4 35.5 49.7
4 57.6 70.7 13.1 18.5 43.0 34.5 -8.5 -19.8
Mean 55.7 63.3 7.6 12.0 43.3 47.0 3.7 7.9
S.D. 6.1 9.9 4.6 - 9.5 17.4 18.5 -
S.E. 3.6 5.7 2.6 - 4.7 8.7 9.2 -
Treatment Phosphorus
Date 8/15/93
Collar Control MF Oxidation % Oxid.
1 50.0 42.5 -7.5 -15.0
2 29.4 29.1 -0.3 -1.0
3 51.5 53.8 2.3 4.5
4 33.0 36.6 3.6 9.8
Mean 41.0 40.5 -0.5 -1.2
S.D. 9.9 9.0 4.3 -
S.E. 4.9 4.5 2.1 -
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Toolik Lake Tussock Tundra, August 16, 1993
Treatment Control Nitrogen + Phosphorus
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 120.1 111.5 -8.6 -7.2 46.3 47.4 1.1 2.3
2 103.4 106.5 3.1 2.9 58.0 57.6 -0.4 -0.7
3 121.2 134.4 13.2 9.8 98.3 106.7 8.4 7.9
4 69.6 68.3 -1.3 -1.9 12.7 9.77 -2.93 -23.1
Mean 103.6 105.2 1.6 1.5 53.8 55.4 1.5 2.7
S.D. 20.8 23.7 7.9 - 30.6 34.6 4.2 .
S.E. 10.4 11.9 3.9 - 15.3 17.3 2.1 -
Treatment Greenhouse
Collar Control MF Oxidation % Oxid.
1 147.0 158.7 11.7 7.4
2 163.8 119.8 -44.0 -26.9
3 66.3 73.7 7.4 10.0
4 88.9 68.7 -20.2 -22.7
Mean 116.5 105.2 -11.3 -9.7
S.D. 40.2 36.7 22.5 -
S.E. 20.1 18.4 11.3 -
Sagavanirktok River Tussock Tundra
Treatment Control
Date 6/28/93 6/29/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 36.6 29.0 -7.6 -20.8 32.1 35.4 3.3 9.3
2 -0.468 -0.016 0.452 96.6 -0.100 0.373 0.473 127
3 0.414 -0.082 -0.496 -120 -0.144 1.201 1.345 112
Mean 11.9 9.6 -2.5 -21.0 10.6 12.3 1.7 13.8
S.D. 17.5 13.7 3.6 - 15.2 16.3 1.2 -
S.E. 1 0 .1 7.9 2.1 - 8.8 9.4 0.7 -
Treatment Nitrogen + Phosphorus
Date 6/28/93 6/29/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 11.0 10.1 -0.9 -8.2 11.2 12.0 0.8 6.7
2 -0.420 -0.745 -0.325 -77.4 -0.183 0.641 0.824 129
3 0.191 0.184 -0.007 -3.4 0.085 0 -0.085 -100
Mean 3.6 3.2 -0.4 -11.1 3.7 4.2 0.5 11.9
S.D. 5.2 4.9 0.4 - 5.3 5.5 0.4 -
S.E. 3.0 2.8 0.2 - 3.1 3.2 0.2 -
Treatment Control Nitrogen + Phosphorus
Date 8/15/93 8/15/93
Collar Control MF Oxidation % Oxid. Control MF Oxidation % Oxid.
1 50.5 35.8 -14.7 -29.1 12.6 2.16 -10.4 -82.9
2 20.5 6.33 -14.2 -69.1 -0.119 -0.84 -0.721 -606
3 65.0 32.7 -32.3 -49.7 0.603 -2.30 -2.90 -481
Mean 45.3 24.9 -20.4 -45.0 4.4 t O w -4.7 -107
S.D. 18.5 13.2 8.4 - 5.8 1.9 4.1 .
S.E. 10.7 7.6 4.9 - 3.4 1 .1 2.4 -
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APPENDIX L
North Slope 1995 Flux & Temperature Data
Soil Temperature Data 
Toolik Lake Outlet Site
Depth 7/24/95 7/25/95 7/26/95
(cm) Cl-3 C4-6 Cl-3 C4-6 Cl-3 C4-6
5 7.3 4.3 6.7
1 0 5.4 5.7 4.2 4.0 4.5 3.4
2 0 4.6 4.3 4.2 4.1 3.6 3.1
Depth 8/2/95 8/3/95 8/4/95
(cm) Cl-3 C4-6 Cl-3 C4-6 Cl-3 C4-6
5 7.1 6.5 4.4
1 0 6.7 8.1 5.9 6.7 4.6 4.9





Cl-3 C4-6 Cl-3 C4-6
5 7.3 6.1 8 . 8  6.5
1 0 4.4  4.7 4.8 4.9
2 0 3.4 3.3 3.7 4.0
Sagavanirktok River Site
Depth 7/20/95 7/21/95 7/22/95
(cm) C l-3 C4-6 Cl-3 C4-6 Cl-3 C4-6
5 9.9 9.9 8 . 6  8 . 8 7.3 7.2
1 0 8 . 6  8.4 7.9 7.7 6.9 6.3
2 0 6.2 5.1 5.7 5.0 5.2 4.1
Depth 7/31/95 8/1/92
(cm) C l-3 C4-6 Cl-3 C4-6
5 7.8 9.8 8.4 9.5
1 0 7.2 7.6
2 0 4.2 4.1 5.6 4.8
Notes: Temperatures measured at the start of sampling. 
Temperatures in °C.
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Flux & Oxidation Data 
Toolik Lake Outlet Site
Site Conditions
7/24/95: Cool, occasional light breeze, foggy, cloudy
7/25/95: Cold, steady East wind, cloudy, 0°C, 1 cm snow overnight
7/26/95: Warm, mild breeze, cloudy, 10 C
.8/2/95: Cool, calm, cloudy
8/3/95: Cool, light East wind, cloudy, foggy, 5°C
8/4/95: Cold, calm, cloudy, 3°C, rainy
Flux and Oxidation Rates
Date 7/24/95 7/24/95
Start Time 1 2 : 2 0 13:50
Collar Control MF 1 Oxidation % Oxid.
1 54.0 71.9 17.9 24.9
2 134.3 126.1 - 8 . 2 -6 . 1
3 88.3 91.9 3.6 3.9
4 - 77.2 - -
5 1 0 2 . 2 81.0 -2 1 . 2 -20.7
6 94.1 110.4 16.3 14.8
Mean 94.6 96.3 1.7 3.4
S.D. 25.8 19.7 14.8 15.9
S.E. 11.5 8 . 8 6 . 6 7.1
Date 7/25/95 7/25/95 7/26/95 7/26/95
Start Time 14:12 16:08 15:08 17:00
Collar Control MF 1 M F2 MF3 MF Ave Oxidation % Oxid.
1 124.0 95.9 147.7 188.0 143.9 19.9 13.8
2 64.3 - 93.1 - 93.1 28.8 30.9
3 - 166.6 170.1 189.4 175.4 - -
4 2 0 . 8 - 24.5 32.3 28.4 7.6 26.8
5 34.6 1 2 2 . 0 109.3 114.4 115.2 80.6 70.0
6 116.6 1 2 1 . 0 118.0 1 1 2 . 6 117.2 0 . 6 0.5
Mean 72.1 113.0 98.5 1 1 1 . 8 99.6 27.5 28.4
S.D. 41.9 1 2 . 1 41.0 55.1 39.1 28.3 23.4
S.E. 18.7 7.0 18.4 27.5 17.5 1 2 . 6 10.5
Notes: CH4  fluxes and oxidation rates given in mg CH4/m2/d.
Start time is local daylight time when chambers were lowered to determine flux. 
CT = Control flux (no CH3F).
MF = Methyl fluoride flux measurement (after exposure to 1% CH3F).
- = Measurement not statistically significant
In cases where statistically insignificant values make a comparison of control and 
methyl fluoride flux impossible, data from the collar in question is not 
included in the site averages.
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Toolik Lake Outlet Site
Date S/2195 8/2/95 8/3/95 8/3/95
Start Time 1 2 : 1 2 14:06 13:36 15:30
Collar Control MF 1 MF2 MF3 MF Ave Oxidation % Oxid.
1 1 0 2 . 1 156.4 112.7 119.1 129.4 27.3 2 1 . 1
2 1 0 1 . 8 127.3 126.9 151.9 135.4 33.6 24.8
3 36.6 171.5 106.1 98.4 125.3 88.7 70.8
4 55.6 67.0 38.9 15.0 40.3 -15.3 -27.5
5 179.5 161.1 103.4 87.6 117.4 -62.1 -34.6
6 160.7 152.2 155.7 111.3 139.7 -2 1 . 0 -13.1
Mean 106.1 139.3 107.3 97.2 114.6 8.5 6.9
S.D. 51.3 35.0 35.2 41.9 34.0 48.0 36.3
S.E. 20.9 14.3 14.4 17.1 13.9 19.6 14.8
Dale 8/4/95
Start Time 13:14
Collar High MF Oxidation % Oxid.
1 112.4 10.3 9.2
2 163.8 62.0 37.9
3 173.4 136.8 78.9
4 44.1 -11.5 -20.7
5 126.2 -53.3 -29.7
6 142.8 -17.9 - 1 1 . 1
Mean 127.1 2 1 . 1 1 0 . 8
S.D. 42.5 62.3 37.6
S.E. 17.4 25.4 15.4
Franklin Bluffs Site
Site Conditions
7/27/95: Warm, mild breeze, cloudy, 10°C, Eriophorum in bloom
7/28/95: Warm, stiff north breeze, sunny, 10°C, Eriophorum in bloom
Flux and Oxidation Rates
Date 7/27/95 7/27/95 7/28/95 7/28/95 •
Start Time 13:27 15:21 13:42 15:12
Collar Control MF 1 MF2 MF3 MF Ave Oxidation % Oxid.
3 90.3 110.3 174.3 144.3 142.9 52.6 36.8
4 168.5 213.9 95.8 158.9 156.2 -12.3 -7.9
5 190.3 232.1 214.7 208.2 218.3 28.0 1 2 . 8
6  . 173.9 213.9 - 203.1 208.5 34.6 16.6
Mean 155.8 192.6 161.6 178.6 181.5 25.7 14.6
S.D. 38.6 48.1 49.4 27.6 32.5 23.7 15.9
S.E. 19.3 24.0 28.5 13.8 16.2 11.9 7.9




7/20/95: Cool, calm, cloudy, occasional drizzle
7/21/95: Warm, calm, cloudy, foggy, intermittent drizzle, 10°C
7/22/95: Cool, South breeze, cloudy, 7°C
7/31/95: Warm, calm, partly cloudy, 20°C
8/1/95: Warm, cloudy, rain overnight
Flux and Oxidation Rates
Date 7/20/95 7/20/95
Start Time 16:40 17:10
Collar Control Control Difference % Diff.
1 118.0 69.2 -48.8 -41.4
2 166.6 131.5 -35.1 -2 1 . 1
3 45.3 - - _
4 103.1 52.7 -50.4 -48.9
5 17.2 12.4 -4.8 -27.9
6 35.1 48.2 13.1 37.3
Mean 8 8 . 0 62.8 -25.2 -28.6
S.D. 55.0 39.0 25.2 -
S.E. 24.6 17.5 11.3 -
Date 7/21/95 7/21/95 7/22/95 7/22/95
Start Time 11:32 13:02 13:15 14:41
Collar Control MF 1 MF2 MF3 MF Ave Oxidation % Oxid.
1 1 1 1 . 1 31.3 92.4 125.9 83.2 -27.9 • -25.1
2 73.5 - 42.8 100.9 71.9 - 1 . 6 -2 . 2
3 28.1 16.3 25.9 26.2 2 2 . 8 -5.3 -18.9
4 85.3 46.7 82.8 1 0 2 . 8 77.4 -7.9 -9.3
5 2 1 . 2 43.3 45.2 55.8 48.1 26.9 55.9
6 36.3 33.2 38.9 45.8 39.3 3.0 7.6
Mean 59.3 34.2 54.7 76.2 57.1 -2.13 1.3
S.D. 33.0 10.7 24.2 35.7 21.9 16.2 26.6
S.E. 13.5 4.8 9.9 14.6 9.0 6 . 6 10.9
Date 7/31/95 7/31/95 8/1/95 8/1/95
Start Time 12:42 14:35 13:06 15:04
Collar Control MF 1 MF2 MF3 MF Ave Oxidation % Oxid.
1 71.3 105.8 8 6 . 2 84.5 92.2 20.9 22.7
2 53.7 128.4 134.3 87.1 116.6 62.9 53.9
3 20.9 52.4 48.3 45.9 48.9 28.0 57.3
4 61.2 105.4 98.9 100.7 101.7 40.5 39.8
5 24.5 29.4 44.2 45.1 39.6 15.1 38.1
6 19.6 33.0 37.2 37.6 35.9 16.3 45.4
Mean 41.9 75.7 74.9 6 6 . 8 72.5 30.6 42.9
S.D. 20.9 38.9 34.9 24.6 32.1 16.8 11.4
S.E. 8.5 15.9 14.2 1 0 . 0 13.1 6 . 8 4.6
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APPENDIX M
Respiration as Measured by Dark COz Fluxes, 1993 
Sagavanirktok River Tussock Tundra
Treatment Control
Date 6/28/93 6/29/93
Collar Control MF % Diff. Control MF % Diff.
1 10.09 9.17 -9.1 2.03 2.97 46.3
2 2.58 5.65 119 - - -
3 2.13 6.74 216 1.50 2.49 6 6 . 0
Mean 4.93 7.19 45.8 1.77 2.73 54.2
S.D. 3.65 1.47 - 0.27 0.24 -
S.E. 2 . 1 1 0.85 - 0.19 0.17 -
Treatment Nitrogen + Phosphorus
Date 6/28/93 6/29/93
Collar Control MF % Diff. Control MF % Diff.
1 29.51 28.88 -2 . 1 7.75 5.90 -23.9
2 16.55 13.47 -18.6 5.01 4.73 -5.6
3 12.08 10.94 -9.4 2.91 2 . 8 8 - 1 . 0
Mean 19.38 17.76 -8.4 5.22 4.50 -13.8
S.D. 7.39 7.93 - 1.98 1.24 -
S.E. 4.27 4.58 - 1.14 0.72 -
Treatment Control
Dale 8/13/93 8/15/93
Collar Control MF % Diff. Control MF % Diff.
1 6.84 5.50 -19.6 4.82 2 . 1 1 -56.2
2 1.78 2.13 19.7 1.65 0.91 -44.8
3 1.99 5.25 164 4.02 1.39 -65.4
Mean 3.54 4.29 2 1 . 2 3.50 1.47 -58.0
S.D. 2.34 1.53 - 1.35 0.49 -
S.E. 1.35 0.89 - 0.78 0.28 -
Treatment Nitrogen + Phosphorus
Date 8/13/93 8/15/93
Collar Control MF % Diff. Control MF % Diff.
1 8.44 14.31 69.5 7.12 2.63 -63.1
2 - - - 3.87 3.22 -16.8
3 8.27 4.94 -40.3 5.07 3.02 -40.4
Mean 8.36 9.63 15.2 5.35 2.96 -44.7
S.D. 0.09 4.69 - 1.34 0.24 -
S.E. 0.06 3.31 - 0.77 0.14 -
Notes: As in Appendix K. Fluxes measured in g CO/mVd.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
249
Sagavanirktok River Wet Sedge Site
Treatment Control Nitrogen + Phosphorus
Date 6/25/93 6/26/93 6/25/93 6/26/93
Collar Control Control MF % Diff. Control Control MF % Diff.
1 2.27 4.16 4.61 1 0 . 8 16.62 13.50 16.18 19.9
2 3.12 4.45 4.10 -7.9 17.68 14.61 16.58 13.5
3 1.99 2.38 2 . 2 0 -7.6 9.69 15.43 17.62 14.2
4 4.09 - - - 19.40 - - -
Mean 2.87 3.66 3.64 -0.5 15.85 14.51 16.79 15.7
S.D. 0.82 0.92 1.04 - 3.69 0.79 0.61 -
S.E. 0.41 0.53 0.60 - 1.85 0.46 0.35 -
Treatment Phosphorus
Date 6/25/93 6/26/93
Collar Control Control MF % Diff.
1 5.65 5.52 5.97 8 . 2
2 5.08 0.67 0.32 -52.2
3 4.39 6.18 6.57 6.3
4 4.10 - - -
Mean 4.81 4.12 4.29 4.1
S.D. 0.60 2.46 2.82 -
S.E. 0.30 1.42 1.63 -
Treatment Control
Date 8/13/93 8/15/93
Collar Control MF % Diff. Control MF % Diff.
1 2.94 3.10 5.4 2.32 2 . 1 0 -9.5
2 1 . 1 2 2.27 103 1 . 6 8 2.62 56.0
4 2.93 2.75 -6 . 1 2.97 3.13 5.4
Mean 2.33 2.71 16.3 2.32 2.62 12.9
S.D. 0 . 8 6 0.34 - 0.53 0.42 -
S.E. 0.49 0 . 2 0 - 0.30 0.24 -
Treatment Nitrogen + Phosphorus
Date 8/13/93 8/15/93
Collar Control MF % Diff. Control MF % Diff.
1 16.04 15.44 -3.7 4.33 8.49 96.1
2 9.33 12.48 33.8 7.89 6.33 -19.8
3 16.78 16.12 -3.9 10.30 7.46 -27.6
4 14.37 13.16 -8.4 7.18 7.21 0.4
Mean 14.13 14.30 1 . 2 7.43 7.37 -0 . 8
S.D. 2.91 1.52 - 2.13 0.77 -
S.E. 1.45 0.76 1.06 0.38 -




Collar Control MF % Diff. Control MF % Diff.
1 1 . 1 2 4.06 263 3.15 3.54 12.4
2 4.87 5.87 20.5 5.09 4.91 -3.5
3 7.60 7.52 - 1 . 1 5.41 4.17 -22.9
4 5.14 5.73 11.5 3.85 3.89 1 . 0
Mean 4.68 5.80 23.9 4.38 4.13 -5.7
S.D. 2.32 1 . 2 2 - 0.92 0.50 -
S.E. 1.16 0.61 - 0.46 0.25 -
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APPENDIX N
Respiration as Measured by Dark C 0 2 Fluxes, 1995 
Toolik Lake Outlet Site
Date 7/24/95 7/24/95
Collar Control MF 1 % Diff.
1 1 . 1 0 1 . 0 0 - 1 0 . 0
2 3.81 2 . 8 8 -24.4
3 1.04 1.73 66.3
4 - 2.46 -
5 2.77 1.04 -62.5
6 3.68 2.85 -2 2 . 6
Mean 2.48 1.99 -19.1
S.D. 1 . 2 1 0.79 -
S.E. 0.54 0.32 -
Date 7/25/95 7/25/95 7/26/95 7/26/95
Collar Control MF 1 M F2 MF3 MFAve % Diff.
1 1.59 1.24 2.93 3.16 2.44 53.5
2 0.78 3.67 3.67 371
3 - 2.17 2.47 3.60 2.75 -
4 0.61 1.46 1.93 1.70 179
5 0.48 1.84 2.95 2.74 2.51 423
6 2.18 2.12 3.11 2.57 2 . 6 19.3
Mean 1.13 1.84 2.58 2.95 2.61 131
S.D. 0.65 0.37 0.60 0.61 0.58 -
S.E. 0.29 0.18 0.27 0.25 0.24 -
Date 8/2/95 8/2/95 8/3/95 8/3/95 8/4/95
Collar Control MF 1 MF2 MF3 MFAve % Diff. High MF % Diff.
1 2 . 2 0 - 2.29 - 2.29 4.1 2.08 -5.5
2 1.94 0.89 2 . 6 8 - 1.79 -7.7 2.54 30.1
3 0.71 1.91 0.91 1.45 1.42 1 0 0 1.23 73.2
4 3.61 3.77 0.60 1 . 2 2 1 . 8 6 -48.5 1.51 -58.2
5 2.82 2 . 6 8 - 1.43 2.06 -27.0 2.14 -24.1
6 2.47 2.51 2.42 2.76 2.56 3.6 2.40 -2 . 8
Mean 2.29 2.35 1.78 1.72 2 . 0 0 -12.7 1.98 -13.5
S.D. 0 . 8 8 0.95 0.85 0.61 0.37 - 0.47 -
S.E. 0.36 0.42 0.38 0.31 0.15 - 0.19 -
Notes: Dark C 0 2  fluxes given in g CO/mVd.
CT = Control flux (no CH3F).
MF = Methyl fluoride flux measurement (after exposure to 1 % CH3F). 
- = Measurement not statistically significant 
Start times as in Appendix L.
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Franklin Bluffs Site
Date 7/27/95 7/27/95 7/28/95 7/28/95
Collar Control MF 1 MF2 MF3 MFAve % Diff.
3 0.81 0.71 1.71 1.75 1.39 71.6
4 1.67 2.18 1.75 1 . 2 1 1.71 2.4
5 2.64 2.62 3.82 3.17 3.20 2 1 . 2
6 2.48 2.54 2.81 - 2 . 6 8 8 . 1
Mean 1.90 2 . 0 1 2.52 2.04 2.25 18.4
S.D. 0.73 0.77 0.87 0.83 0.73 -
S.E. 0.36 0.39 0.43 0.48 0.36 -
Sagavanirktok River Site
Dale 7/20/95 7/20/95
Collar Control Control Diff. % Diff.
1 4.23 3.00 -1.23 -29.1
2 3.04 1.71 -1.33 -43.8
3 1.95 0.78 -1.17 -60.0
4 2.25 1 . 2 1 -1.04 -46.2
5 - 1.03 - -
6 3.93 2.72 - 1 . 2 1 -30.8
Mean 3.08 1 . 8 8 - 1 . 2 0 -39.0
S.D. 0.90 0.85 0.09 -
S.E. 0.40 0.38 0.04 -
Dale 7/21/95 7/21/95 7/22/95 7/22/95
Collar Control MF 1 MF2 MF3 MFAve % Diff.
1 2.18 1.61 2.57 - 2.09 -4.1
2 1 . 0 1 0.54 - 0.63 0.59 -41.6
3 0.97 - 1.26 0.90 1.08 11.3
4 0.98 1.67 2.35 2.28 2 . 1 0 114
5 0.62 1 . 2 0 1.26 2.42 1.63 163
6 2.31 2.15 2.76 4.45 3.12 35.1
Mean 1.35 1.43 2.04 2.14 1.77 31.1
S.D. 0.65 0.54 0.65 1.36 0.81 -
S.E. 0.27 0.24 0.29 0.61 0.33 -
Dale 7/31/95 7/31/95 8/1/95 8/1/95
Collar Control MF 1 MF2 MF3 MFAve % Diff.
1 6.37 4.26 4.31 - 4.29 -32.7
2 1.28 2.67 0.48 - 1.58 23.4
3 4.25 3.31 2.44 2.45 2.73 -35.8
4 3.40 3.32 2.64 3.13 3.03 -10.9
5 2.58 2.32 2.35 1.91 2.19 -15.1
6 2.87 3.61 4.56 4.51 4.23 47.4
Mean 3.46 3.25 2.80 3.00 3.01 -13.0
S.D. 1.58 0.63 1.36 0.97 0.99 -
S.E. 0.64 0.26 0.56 0.49 0.41 -
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